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ABSTRACT 
Rare earth elements were investigated for their potential to determine provenance and 
depositional environments of vertebrate fossils found as float in creeks of the Tunica Hills region 
of Louisiana.  Elemental analyses are used to test the hypotheses that fossils span multiple time 
periods, from late Miocene to late Pleistocene, and that elemental profiles can distinguish 
terrestrial depositional settings from possible estuarine deposits. In addition, the animals present 
were then used to test the hypothesis that Tunica Hills had late Pleistocene environmental 
conditions much like the modern Great Lakes region.  This study is important because it provides 
new insight on the vertebrate fossils of Louisiana to better the current understanding of the 
paleontology of the central Gulf Coast region. 
Calcium is replaced by similar-sized rare earth elements in bone and tooth dentine very 
quickly upon death (10,000-30,000 years), and the signature is not altered by additional 
diagenetic effects.  The change in source of sediment supply from the Tennessee River, a 
postulated source during the Miocene, to the average Midwest continental signature, during the 
late Pleistocene, would have affected the overall rare earth element compositions available 
during fossilization.  The loess material may not have had enough to complete the uptake of 
REE, which would have an influence on the profiles seen.   
 The 38 fossils analyzed from the Pascagoula Formation, Peoria Loess and intermediate 
beds included horses, mastodons, ground sloths, a rhinoceros, a large felid, a giant armadillo, and 
a grouse.  The first occurrence of Synthetoceras in Louisiana is represented by one analyzed 
fossil specimen.   
Cluster analysis separated in situ fossils from loess deposits from the Pascagoula 
Formation fossils, based on rare earth element profiles.  The results on lithologically diverse and 
stratigraphically complex intermediate deposits, including reworked Citronelle Formation, are 
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less clear, and shell material and nodules analyzed were not useful for stratigraphic control.  In 
situ samples from the Pascagoula Formation support an estuarine depositional environment in the 
Tunica Hills during the late Miocene or early Pliocene.  Rare earth element analysis shows 
promise, but more comparative data is needed to help unravel the history Gulf Coast region. 
 
CHAPTER 1. INTRODUCTION 
The Tunica Hills region has yielded a large collection of fossil vertebrates as float in 
creeks, and a method of identifying the source of the fossils is needed.  Rare earth element (REE) 
analysis is a relatively new tool in vertebrate paleontology, but it has become very useful in the 
study of depositional histories (e.g. Trueman and Benton 1997; Trueman, 1999).  REEs have also 
been used as a tool for relative dating (MacFadden et al., 2007; MacFadden and Hulbert, 2009), 
and offers hope for investigating sources of the fossils.  Understanding the source for these 
fossils will help with the understanding of the overall fossil record and possible environments of 
Louisiana and the Gulf Coast region. 
This research focused on the McPherson Collection which was donated to the Louisiana 
State University Museum of Natural Science (LSUMNS) vertebrate paleontology collection in 
1997.  The McPherson collection has more than 2,800 catalogued specimens, and represents 
nearly 40 years of continuous collecting by volunteers and students, which is continuing through 
the present.  The majority of the fossils are from West Feliciana and East Feliciana Parishes in 
Louisiana. Most of the fossils were collected as float from creeks within the Tunica Hills region 
(Figure 1) so their provenance is uncertain, as is their age.  While there have been published 
papers on fossils from the Tunica Hills, both flora (e.g. Brown, 1938, Givens and Givens, 1987 , 
Jackson and Givens, 1994 ) and fauna (e.g. Manning and MacFadden, 1989, Chandler, 1998, 
Schiebout et al., 2006), there has not been any detailed research into the source of the fossils 
found as float in the creeks.   
Currently, these specimens have been assigned an age of Pleistocene based on the 
supposition that the vertebrate fossils were weathering out of the Pleistocene loess, the 
Pleistocene terraces, or the Citronelle Formation, the age of which has been questioned (per. 
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comm. Heinrich, 2009).  A 2005 discovery produced fossils from the Pascagoula Formation on 
Thompson Creek (Schiebout et al., 2006), which is found unconformably below the Citronelle 
Formation (Matson, 1916).  This discovery pushed the possible age ranges of fossils from the 
Tunica Hills creeks back to the latest Miocene or early Pliocene (per. comm. Schiebout, 2010).  
Separating float fossils, derived from the loess, Citronelle, and Pascagoula sediments, based on 
appearance, is not possible.  To overcome this problem, REE analysis was proposed to trace the 
source of the fossils within the Tunica Hills region. 
 REE analysis was used to address three questions.  First, can REEs be used to determine the 
original stratigraphic position of these fossils?  I hypothesize that fossils are washing out of 
formations that span from the Miocene to the Pleistocene, and that REE profiles will differ 
between estuarine deposits in the Pascagoula and terrestrial deposits such as the Peoria loess.  
Second, can REE analysis help in determining some of the paleoenvironmental factors that affect 
the Tunica Hills region during the late Miocene to late Pleistocene? I hypothesize that the Tunica 
Hills had environmental conditions much like the modern Great Lakes region during part of the 
Pleistocene, but that Miocene specimens represent a more equitable climate. Third, if relative 
positions of these fossils can be determined, is it possible to make some detailed interpretations 
about the ecology of the Tunica Hills region during different parts of the late Miocene to late 
Pleistocene?  I hypothesize that interpretation can be made about the depositional environments. 
1.1 Rare Earth Elements and Vertebrate Paleontology 
Rare earth elements make up the lanthanide series, which includes atomic numbers 57 
through 71.  These correspond to La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu.  
Promethium is not included in the analysis, as it is highly unstable.  These elements are most 
often found as an offset at the bottom of the periodic table with the actinide series.  For this study 
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the light REEs (LREE) are La (Z=57) to Nd (Z=60), medium REEs (MREE) are Sm (Z=62) to 
Tb (Z=65), and heavy REEs (HREE) are Dy (Z=66) to Lu (Z=71) (MacFadden and Hulbert, 
2009; Trueman, 1999).   
The use of REEs to trace depositional histories and determine provenance of fossils 
began with papers by Trueman and Benton (1997) and Trueman (1999).  Comparing REE 
composition of fossils can be used to determine the fossil’s source, and therefore an estimate of 
its age.  REE profiles from temporally mixed samples have been used to revise the age of the 
terror bird, Titanis walleri (MacFadden et al., 2007), and to reevaluate the appearance of 
Mammuthus in northern Florida (MacFadden and Hulbert, 2009).   REE analysis can also be 
used to determine the differences between marine and terrestrial/freshwater depositional 
processes (e.g. Kemp and Trueman, 2003, Patrick et al., 2004).  REE signatures in modern 
estuary environments have been examined and compared to river and marine conditions and 
should be useful in comparison of samples collected in the Tunica Hills (Lawrence and Kamber, 
2006, Elderfield and Sholkovitz, 1987, Elderfield et al., 1990).   REE analysis may be useful to 
separate temporally mixed fossil assemblages collected from the Tunica Hills in Louisiana and to 
establish more detailed relative ages for this material.  A better understanding of the age of the 
fossils provide a more detailed understanding for the region and can allow for a more detailed 
interpretation of the environment of the Gulf Coast region. 
Living bone has REE concentrations in parts per billion (Trueman, 1999), but as 
groundwater flows through bone pores after death and burial, calcium can be replaced by REEs 
(e.g. Labs-Hochstein and MacFadden, 2006).   As a result, concentrations can be enriched up to 
103 parts per million (ppm) within the first 10,000 to 30,000 years.  Tooth enamel has large 
crystals with small surface areas which makes them less susceptible to alteration (Trueman and 
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Tuross, 2002).  Bone crystals, on the other hand, are two magnitudes smaller and have larger 
surface areas, which allows for increased enrichment of REEs.  Once the bone is exposed to 
water, and the elements, the collagen begins to break down, creating greater pore space in the 
bone for the transmission of fluids.  As the collagen breaks down the original biogenic apatite 
acts as seed crystals for new, authigenic apatite which preserves the original crystal alignment 
(Trueman and Tuross, 2002).  As this new apatite precipitates, REEs are adsorbed and included 
into the crystal structure.  The apatite continues to form and enlarge until the pore space of the 
bone has been filled.  This stops the movement of water through the bone, and stops the 
exchange of ions (Trueman and Tuross, 2002).   After that, the chemical signature of fossils 
remains largely fixed and is not influenced by additional replacement (Trueman and Tuross, 
2002; Labs-Hochstein and MacFadden, 2006).   
Fossils deposited in chemically distinct environments should have distinctive REE 
signatures, which makes it possible to separate different depositional units.  Cerium anomalies 
are defined as having an enrichment or depletion when compared to the elements on its left and 
right in the periodic table (e.g. Patrick et al., 2004, Pourret et al., 2008).  There are factors that 
influence the representation of a true positive or negative anomaly (Patrick et al., 2004).  For 
example, the composition of the groundwater can create artificial anomalies, the amount of 
dissolved organic carbon can decrease the appearance of an anomaly, and the amount of 
carbonate in the particular system can also affect the signal (Pourret et al., 2008). 
A few examples of profile descriptions are included from research that was a source of 
stimulation for this study.  The age of Titanis walleri was reexamined using REE analysis.  As 
controls, mean values for known end members were plotted.  The unknown time-averaged T. 
walleri specimens were then compared to the known end members.  This was done separately for 
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specimens from Florida (Figure 2 A) and from Texas (Figure 2 B). Florida T. walleri material 
was compared to known Rancholabrean and Blancan specimens.  The comparison of specimens 
from Florida is “compelling, as is the almost identical overlay of the T. walleri specimens with 
the Blancan mammals” (MacFadden et al., 2007). The mean REE profile “is relatively flat for 
the Rancholabrean specimens, but increase sharply in the middle (M) REEN and heavy (H) REEN 
for both the Blancan specimens and T. walleri” (MacFadden et al., 2007). 
In Texas, the two end members were Rancholabrean and Hemphillian, but the mean 
values overlap between the two.  Figure 2B “indicates that the one T. walleri specimen has 
higher total REE concentrations that either those of the Rancholabrean or Hemphillian.  The 
Rancholabrean mammals have an increased Eu enrichment in contrast to either the Hemphillian 
mammals or T. walleri (MacFadden et al., 2007).”  The results were not as compelling as 
Florida, but when examining MREE to HREE ratios, the T. walleri specimens and Hemphillian 
specimen were distinguishable from the Rancholabrean specimens.  
This technique was also used to track the spread of Mammuthus using specimens from 
the Plio-Pleistocene of Florida. The Mammuthus material was compared with Blancan and 
Rancholabrean end members, and found to be Rancholabrean in age (MacFadden and Hulbert, 
2009). 
 
 
Figure 2. REE profiles normalized to PAAS. Specimens from A: Florida. B: Texas. 
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The plots in figure 3 are from a study on the depositional setting of Solnhofen apatite by 
Kemp and Trueman (2002).  “With the exception of smaller cerium anomalies in some samples 
the REE in bone and soft tissue show the same general pattern, although bone samples show a 
more pronounced LREE enrichment” (Kemp and Trueman, 2002). In addition to the similarities 
in the bone and soft tissue “the REE pattern of coprolite and bone apatite is remarkably 
consistent both throughout the Upper Solnhofen Plattenkalk” (Kemp and Trueman, 2002).  These 
patterns were used to support the current thought on the paleodepositional processes influencing 
the site, which indicates that the interbedded deposits are not influenced by turnover, but by 
processes outside of the basin (Kemp and Trueman, 2002). 
 
Figure 3. “Shale-normalised REE patterns for other biogenic apatite from the Upper Solnhofen 
Plattenkalk. *Soft-tissue sample, all others bone material.” From Kemp and Trueman, 2002. 
 
The examination of the REE profiles in figure 4 were used to study the depositional 
paleoenvironment of a member of the Brule Formation within Badlands National Park in South 
Dakaota, and the “bones show small positive and negative Ce and negative Eu anomalies” 
(Metzger et al., 2004).  The specimens in figure 4A “show a similar depleted-MREE trend, 
although some show a nearly flat trend relative to NASC. Chamberlain Pass shows the most 
visual variation in REE patterns” (Metzger et al., 2004).  Specimens in figure 4B “have similar 
signatures. Although their plots are not as tightly superimposed as those of the Brian Maebius 
Site bones, all plots show depletion in the middle (M) REEs and relative enrichment in the 
LREEs and HREEs” (Metzger et al., 2004).  Figure 4C include the specimens from the Brian 
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Maebius site.  These specimens “exhibit the greatest consistency in REE patterns, with the 
exception of a few bones in BM1 that are slightly light (L) REE enriched relative to the other 
samples” (Metzger et al., 2004).  They also have “a strong depletion in the heavy (H) REEs, and 
with few exceptions, represent identical REE uptake and fractionation patterns” (Metzger et al., 
2004).  These profiles were then used to support the idea that bones from different 
paleoenvionrments and paleosols could be separated using REE analysis (Metzger et al., 2004). 
 
 
Figure 4. “Spider diagrams of normalized rare earth element (REE) concentrations within fossils. 
NASC-North American shale composite. BOT and TOP-bottom and top of same fossil, 
respectively.” From Metzger et al., 2004. 
 
1.2 Geologic Setting 
 The study area lies within the Tunica Hills Wildlife Management Area which includes 
West Feliciana Parish, Louisiana and Clarks Creek Natural Area in Wilkinson County, 
Mississippi.  The creeks of interest include Tunica Bayou, Kimball Creek, Little Bayou Sara, and 
Thompson Creek, which is on the border between East and West Feliciana Parishes.  These 
creeks erode and sample multiple stratigraphic units in the area including the Pascagoula 
Formation, undifferentiated Pleistocene deposits, and Pleistocene loess.  Additional samples 
were collected in Hinds, Warren, and Adams Counties, Mississippi from the same formations 
sampled in the study area.  
The Pascagoula Formation is the most basal unit in the study area, and is a known source 
of in situ fossils in the Tunica Hills.  The formation is a dense, blue to green clay with lenses of 
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sand (Self, 1986), but when weathered it turns grey with rust colored streaks.  Deposits of the 
Pascagoula Formation have been found at the base of vertical sections on Kimball Creek, Little 
Bayou Sara, Tunica Bayou, and Thompson Creek.  At the TH/K Site on Thompson Creek, the 
Pascagoula Formation forms the sides and bottom of the creek.  The clay on the banks of the 
creek is often covered with six inches or less of modern stream alluvium, consisting of sand and 
chert pebbles, making it possible to access the Pascagoula Formation.  Due to the fact that 
outcrops of the dense blue clay are either at the base of a vertical section or too small to map, 
they do not currently appear on the Louisiana geologic maps (Figure 1). 
Age ranges for the TH/K site have been determined based on particular organisms 
present.  The site has produced Neohipparion eurystyle, Nannippus sp., Cormohipparion emsliei, 
Astrohippus sp., Teleoceras sp., artiodactyls, and Mammut.  The artiodactyls indicate an age of 
Hemphillian.  Teleoceras sp. indicates an age between 17.5-4.5 Ma, while Neohipparion 
eurystyle indicatives an age of Hemphillian (Hh) 2-4.  Hemphillian 4 would give the TH/K site 
an age of latest Miocene to early Pliocene (Schiebout et al., 2006).  Equids, Cormohipparion 
emsliei, Neohippariorn eurystyle, Nannippus aztecus, and Astrohippus, also indicate an age of 
late Miocene or early Pliocene (Manning and MacFadden, 1989; MacFadden et al., 1999).  
Possible paleoenvironments include a marine (Self, 1986), or more specifically an estuarine, 
environment at the TH/K site on Thompson Creek (Schiebout et al., 2006).  
The Citronelle Formation lies unconformably above the Pascagoula Formation (Matson, 
1916), and is found throughout much of the Gulf Coast Plain, extending from at least Florida to 
Louisiana (Self, 1986).  Bed thickness ranges from six inches to 20 feet (Self, 1986).  The 
Citronelle Formation consists of a variety of unconsolidated, siliceous sediments that can be red, 
orange, brown, and tan in color.  Red and orange colors are due to iron oxide in the sediments 
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(Otvos, 1998), which consist of a range of materials including gravel, coarse to fine sand, clay, 
and mud (Self, 1986).  The Citronelle Formation also has reworked, silicified Paleozoic fossils 
(Smith and Meylan, 1983), which may have come from the Appalachian Mountains, carried by 
the ancestral Tennessee River (Isphording, 1983).  While undisturbed Citronelle Formation 
sediments were not found along the creeks of interest, they do exist in the region. 
 The age of the Citronelle Formation has been a source of much debate.  The deposits 
have been described as Pliocene in age (Matson, 1916) while additional published ages range 
from Miocene to Pleistocene (Fisk, 1938, 1940, 1944; Roy, 1939; Carlston, 1951; Doering, 1935, 
1956, 1958; Stringfield and LaMoreaux, 1957; Isphording and Lamb, 1971; Aronow, 1974; May, 
1981; Smith and Meylan, 1983; Cureau et al., 1991).  The currently accepted age appears to be 
Pliocene (Voorhies, 1970; Maxwell, 1971; Otvos, 1973; Manning and MacFadden, 1989; Otvos, 
1998; Stults et al., 2002; Otvos, 2004).  Fossil horses, Nannippus minor and Cormohipparion 
emsliei, are among float fossil material from Tunica Bayou and may be from the Pliocene 
(Manning and MacFadden, 1989).   
 There are debates over the ages and stratigraphy of deposits above the Pascagoula 
Formation and below the loess, but here the beds are considered to belong to undifferentiated 
Pleistocene deposits (per. comm. Paul Heinrich, 2009).  These sediments include alternating 
layers of sand and pebbles. There are also layers of silt and clay, all of which are capped by a 
loess layer. 
 The loess deposits that cover the Tunica Hills are a very well sorted, light tan to buff 
colored, fine silt.  They are eolian deposits formed during the height of the Late Wisconsin 
glaciations (Sausier, 1994).  Only two out of five loess sheets have been found in Louisiana, and 
include the older Sicily Island and the younger Peoria loess (Sausier, 1994).  None of the loess 
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deposits in the Lower Mississippi Valley are thought to be older than 300,000 years.  The two 
sheets found in Louisiana are Late Wisconsin and either Early Wisconsin or pre-Wisconsin in 
age (Sausier, 1994).  The loess deposits in the Tunica Hills are most likely part of the Peoria 
loess (per. comm. Paul Heinrich), which is considered to be one of the most extensive deposits in 
the world.  Peoria loess can be found in at least 17 states: North Dakota, South Dakota, 
Nebraska, Colorado, Kansas, Minnesota, Iowa, Missouri, Arkansas, Wisconsin, Illinois, Indiana, 
Ohio, Kentucky, Tennessee, Mississippi, and Louisiana.  The thickest deposits, greater than 20 
meters, have been found along the Nebraska-Iowa border and the Tennessee-Arkansas border 
(Lyle, 2009). Deposits in the Tunica Hills region range in thickness from 1 meter (per. comm. 
Paul Heinrich 2009) to a least 10 meters in places, and have been radiometrically dated between 
22,000 and 12,500 years old (Sausier, 1994).  Loess forms from the movement of glacial rock-
flour downstream during periods of high melt and runoff.  As melting decreases during the 
colder months the braided streams dry up, allowing the silt to be blown around and deposited 
(Pye and Johnson, 1968).  The presence of extensive loess deposits indicates the Tunica Hills 
region sediments were influenced by the glaciers to the north. 
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CHAPTER 2. METHODS 
2.1 Field Methods 
 Field work in the Tunica Hills region was conducted in the spring and summer of 2009.  
Sediment samples were collected from geologic units exposed in the beds and banks of Tunica 
Bayou, Kimball Creek, Little Bayou Sara, and Thompson Creek in Louisiana.  GPS coordinates 
were recorded for each sampling site and measurements of bed thickness were recorded from 
outcrop.    Sediment samples were collected from beds of potential interest and were then used, 
along with field observations, to construct stratigraphic columns.  Where there were no known in 
situ vertebrate fossils, carbonate nodules or mollusk shells were collected to provide an REE 
signature comparison for float material.  Carbonate was used as a possible stratigraphic control 
as the calcium ions could be replaced much like in the bone and dentine. 
Thompson Creek in situ fossil and nodule material, found at the TH/K site, was used for 
the Pascagoula Formation REE signature.  In situ Polygyra, a pulmonate gastropod, and Mammut 
americanum from different sites in Peoria loess were also sampled.  After grouping float material 
based on these profiles, organisms represented in the fossil material were used to make 
ecological and paleoenvironmental interpretation for different units within the Tunica Hills 
region. 
2.2 Specimen Selection and Identification 
 The specimens in collections are labeled as LSUMG, Louisiana State University Museum 
of Geoscience, which is now part of the LSU Museum of Natural Science.  Specimen numbers, 
such as V-14211, are assigned in the order the specimen is curated.  The V indicates that it is part 
of the vertebrate collection.   
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 Specimens were selected based on locality information and tentative identifications.  The 
goal was to choose specimens that represented a variety of animals found on as many of the 
creeks of interest as possible.  Cormohipparion and Mammut material have been found at nearly 
every site, but other horses and animals were also used to provide enough samples for 
comparison.  After the specimens were selected based on tentative identifications, all specimens 
were examined and described in the systematic paleontology section. 
 Diagnostic features, such as size and dental characteristics, were used and compared to 
published literature to identify the specimens used in the REE analysis.  All specimens were also 
taken to FLMNH where they were compared to the vertebrate collections.  This allowed for 
comparison with a larger sample size, which helped to provide more detailed identifications, and 
in some cases completely different identifications.   
2.3 Rare Earth Elemental Analysis 
 Fossils analyzed for this research include bone and dentine from a felid, a grouse, a 
pampathere, an artiodactyl, two mastodons, two ground sloths, a rhinoceros, and six horses.  
Specimens to be sampled were wiped down with isopropyl alcohol to remove any contaminates 
from the surface, and allowed to dry completely.  Once the specimens were cleaned and dried, 
they were powdered.  Bone and carbonate nodules were powdered using a rotary tool with a 
diamond-tipped drill bit.  The shell material was too small, and too fragile, to be powdered with a 
rotary drill, so a mortar and pestle were used.  Between samples, the mortar, pestle, and drill bit 
were wiped clean with isopropyl alcohol and allowed to air dry.  A total of 59 specimens were 
sampled, and all sample sizes range between 26 mg and 35 mg of powder. Sediment was not 
analyzed, as the bone and dentine would represent a short window of alteration closed off by the 
precipitation of additional carbonate within the bone and tooth structures.  The REE 
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concentrations in the sediments could change right up to the present, therefore sediment would 
not be a useful comparison for original deposition (Trueman and Benton, 1997; Trueman et al., 
2006).   Carbonate nodules were included in an attempt to provide a signature for the sediment.   
The samples were sent to the corporate ALS Laboratory Group in Luleå, Sweden for 
preparation and REE analysis.  For sample digestion, the samples were mixed with 5 milliliters 
of nitric acid and heated at 600 watts for 60 minutes in a microwave (Engstrom et al., 2004).  
After the samples cooled, they were placed in autosampler tubes for ICP-MS analysis.  Samples 
were analyzed according to Rodushkin et al. (2005), using a Thermo Finnigan ELEMENT2 
Inductively Coupled Plasma-Sector Field Mass Spectrometry (ICP-SFMS), or high-resolution 
ICP-MS (HR-ICP-MS; ICP-SFMS, 2010).  The higher resolution limits the amount of 
interference for some samples, but it also allows less sensitive elements to be detected at very 
low concentrations (ICP-SFMS, 2010).  The extended (k=2) combined uncertainty in the REE 
analysis by ICP-SFMS is 12-16% RSD (per. comm. Ilia Rodushkin).  The amount of error is 
encompassed by each data point. All reported values were first normalized to Post Archean 
Australian Shale (PAAS, McLennan, 1989, Table 1).   
 
Table 1. PAAS values used to normalize REE concentrations (McLennan, 1989) 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
38 80 8.8 32 5.6 1.1 4.7 0.8 4.4 1 2.9 0.4 2.8 0.4
 
Cluster analysis was used as a descriptive tool to further compare REE profiles of fossils 
to detect natural groups.  Concentrations are different for bone and dentine, so values were 
centered around zero by dividing each element by the total REE mean.  Once values were 
centered, a cluster analysis was run in SAS (Romesburg, 2004), producing a dendrogram 
illustrating the comparisons between each sample.  Each REE was considered as an individual 
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variable, for a total of 14 variables per sample.  A pseudostatistic T2 graph was then used to find 
local minimums which would be acceptable numbers of clusters for comparison.   
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CHAPTER 3. SYSTEMATIC PALEONTOLOGY 
 The fossils discussed in this section do not represent the entire collection from the Tunica 
Hills in the LSU Museum of Natural Science; they are only the specimens analyzed for REE 
concentrations in this study.  The terms, abbreviations, and measurements used for the 
description of horse tooth specimens follow MacFadden (1984) and Hulbert (1988) and are 
included in figure 5. Additional abbreviations include D, deciduous; P, premolar; M, molar; R, 
right; L, left. 
 
 
 
Figure 5. Occlusal view of upper and lower horse cheek teeth, and terminology used in 
systematic paleontology. A. Upper cheek teeth: 1. APL-maximum anterior-posterior length; 2. 
TRW-transverse width from protocone to mesostyle; 3. PRL - maximum protocone length; 4. 
PRW - protocone width. B. lower cheek teeth: 1. apl -maximum anterior-posterior length; 2. atw 
- anterior width from protoconid to metaconid; 3. ptw - posterior width from hypoconid to 
metastylid; 4. mml - metaconid-metastylid length; 5. entl-length of entoflexid; 8. Isthmus. Lower 
case letters indicate lower teeth and upper case letters indicate upper teeth. Modified from 
Hulbert (1988) and MacFadden (1984). 
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Class MAMMALIA Linnaeus, 1758 
Order ARTIODACTYLA Owen, 1848 
Family PROTOCERATIDAE Gray, 1821 
Genus SYNTHETOCERAS Gervais, 1869 
SYNTHETOCERAS cf. S. TRICORNATUS Stirton, 1932 
Referred Specimen: LSUMG V-14211 proximal end of a right metatarsal III 
Locality: Tunica Bayou: V-14211 
Description:  LSUMG V-14211 is the proximal end of a right metatarsal III.  The sample is 
broken, making the proximal articular width the only possible measurement for comparison.   
The specimen is also worn making the exact measurement difficult, but an approximation for 
proximal articular width is 18.3 mm.  
Discussion: The sample was originally identified as Palaeolama, but the sample from Tunica 
Bayou has the characteristic fused ecto and mesocuneiform of the third metatarsal of 
Synthetoceras (Patton and Taylor, 1971).  This fossil represents the first known occurrence of the 
genus in the state of Louisiana.  Prior to the change in identification, Synthetoceras was only 
known from Alabama, Florida, and Texas (Hulbert and Whitmore, 2006). While the genus is a 
new occurrence of the family, Protoceratidae is represented by the Miocene Prosynthetoceras 
from Fort Polk in western Louisiana (Schiebout, 1997).  Measurements for Synthetoceras 
davisorum and Synthetoceras tricornatus are published in Hulbert and Whitmore (2006).  
Synthetoceras davisorum has a proximal articular width that ranges between 15.5 and 16.4 mm 
with one sample being larger at 18.0 mm. Synthetoceras tricornatus is larger and ranges between 
18.4 and 19.9 mm.   Despite the weathered nature of the proximal articulation the sample 
correlates better with measurements of S. tricornatus. 
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Figure 6. Synthetoceras cf. S. tricornatus proximal end of a right metatarsal III. V-14211 in left 
side view (A), right side view (B), and in distal view (C). 
 
Order PERISSODACTYLA Owen, 1848 
Family EQUIDAE Gray, 1821 
Referred Specimen: LSUMG V-16901 proximal right scapula 
Locality: Kimball Creek: V-16901 
Description: The sample is the proximal end of a scapula and is highly fractured.  The coracoid 
process, glenoid fossa, and a small portion of the spine are preserved.  The neck of the scapula is 
relatively long and slender. The breadth of the glenoid cavity is 32.8 mm, the length is 38.9 mm, 
and the greatest length including the coracoid process is 56.1 mm. 
Discussion:  There are not enough diagnostic features to determine the genus, but the small size 
and slender nature means it probably belongs to one of the small horses that are found in the 
Tunica Hills region, such as Astrohippus, Cormohipparion, Hipparion, Neohipparion, or 
Nannippus. 
 
Figure 7. Right proximal end of an equid scapula. V-16901 in lateral (A) and medial (B) view. 
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Genus CORMOHIPPARION Skinner and MacFadden, 1977 
CORMOHIPPARION cf. C. EMSLIEI Hulbert, 1987 
Referred Specimens: LSUMG V-16890, RP3/4; LSUMG V-16889, Rp2; LSUMG V-16950, 
Lp3-m3; LSUMG V-16899, Lm3; LSUMG V-16897, Rp3/4; LSUMG V-17909, Rm1/2; 
LSUMG V-16894, distal metacarpal; LSUMG V-16892, distal metacarpal 
Locality: Kimball Creek:  V-16950; Tunica Bayou: V-16890, V-16889, V-16899, V-16894, V-
16892; Tunica Hills: V-16897; TunicaHills/Kerry: V-17909 
Description: LSUMG V-16890, a right P3/4, is the only C. emsliei upper cheek tooth in 
collections.  The specimens is missing a small portion of the metastyle and the posterior portion 
of the postfossette loop.  The protocone is an elongated oval with a concave lingual border that 
does not connect with the protoloph. The protoloph is deep and bifurcated.  The hypoconal 
groove is wide and well defined.  There is a groove on the anterior side of the mesostyle and 
parastyle.  The posterior half of the prefossette and the anterior half of the postfossette have 
plications.  The pli caballin has one large plication with 4 secondary plications.  Measurements, 
and discussions, were previously published in Manning and MacFadden (1989) and have been 
replicated (Table 2). 
Table 2. Cormohipparion tooth measurements(in mm) from Manning and MacFadden (1989) 
 
LSUMG 
Specimen No.  
Centenary  College 
Specimen No. Tooth 
Greatest antero-
posterior length 
Greatest 
transverse width Height 
V-16889 1627 R p2 20.6 9.0 30.4 
V-16890 1628 R P3/4 18.8 17.0 37.5 
 
The metaconid of LSUMG V-16889 is anteriorly extended, causing it to be connected 
with the posterior portion of the paraconid. There is no hypocone, and the ectoflexid does not 
extend into the isthmus.  The hypoconid and protoconid are flattened on the labial side, and the 
pli caballinid is well developed, but does not extend below the hypoconid.   
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LSUMG V-16950 is a partial lower left dentary with p3-m3. The p3 and p4 have a very 
minor pli caballinid, but it is not defined in m1-m3.  The protostylid is strong on p3-m2, and the 
parastylid is well developed on each tooth.  There are no plications on p3-p4, but the antero-
isthmus is bifurcated on m1-m3.  The ectoflexid is rounded and does not extend into the isthmus 
of p3-p4.  The ectoflexid becomes squared off and almost touches the border between the 
metaconid and metastylid on m1-m2.  The m3 ectoflexid is rounded and extends just into the 
isthmus.  The m3 shows low to moderate wear but the heel has no wear. 
LSUMG V-16899 is a left m3, and is very similar to the V-16950 m3, but has additional 
wear as the heel is exposed, and a strong protostylid exists.  There is also a strong parastylid and 
a very minor pli caballinid.  The ectoflexid is rounded at the end and does not extend all the way 
into the isthmus. The labial borders of the hypoconid and protoconid are rounded, and the tooth 
has no secondary plications. 
LSUMG V-16897 is a right p3/4 with a broken occlusal surface, missing the labial 
portion of the parastylid, protostylid and protoconid. The hypoconid is flattened on the labial 
side, and a strong, bifurcated pli caballinid extends labially past the hypoconid.  The borders of 
the isthmus are plicated, as is the anterior portion of the entoconid. The ectoflexid is rounded and 
does not extend into the isthmus.  LSUMG V-17909 is a small, well-worn right m1/2.  The tooth 
is missing the anterior edge of the parastylid and the posterior end of the hypoconulid.  The 
ectoflexid is squared off and extends into the isthmus which is not plicated.  The pli caballinid is 
small, nonplicated, and does not extend past the hypoconid. 
LSUMG V-16894 and V-16892 are the distal ends of two metacarpals.  According to 
Manning and MacFadden (1989) they compare well with C. emsliei based on the measurements 
of the distal tuberosity (26.9mm and 28.9mm) and distal articular keel (26.4mm and 27.3 mm).  
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Discussion: The species was characterized by Hulbert (1987) and represents a medium sized 
species that is larger than C. goorisi but smaller than C. occidentale and C. plicatile.  Diagnostic 
features include a small, oval protocone with a concave, or flat, lingual margin.  The fossette 
plications are more complex and the pli caballinid more defined than other species of 
Cormohipparion in North America.  The P3 and P4 have a grooved parastyle, and metastyles are 
prominent. The ectoflexid of the premolars does not penetrate the isthmus.  In early wear stages, 
the metastylid and metaconid have a lingual groove, and in moderate wear stages the p2 have 
connected metaconids and paraconids (Hulbert, 1987). C. emsliei also has more complex 
plications on the upper molars and a stronger pli caballinid than the other species of 
Cormohipparion.  The majority of the diagnostic characteristics for C. emsliei are based on 
measurements of the first two upper molars or unworn molars.  An average M1/2 has an 
anteroposterior length of 19.2 mm and an anteroposterior length at the base of the crown of 
15.7mm (Hulbert, 1987).  Unworn molars have a mesostyle crown height of 57mm (Hulbert, 
1987); however, the teeth present in the LSUMG collections are at least moderately worn, and at 
this time no upper molars or cranial material has been found or identified from the Tunica Hills 
region.  
Measurements of LSUMG V-16890 in Manning and MacFadden (1989) have been 
replicated.  LSUMG V-16889 is a very diagnostic specimen that falls within the observed range 
of the samples from Florida’s Bone Valley Formation (Manning and MacFadden, 1989).  The 
specimen is smaller than the Blancan type (Manning and MacFadden, 1989), but still fits within 
late Hemphillian published values in Hulbert (1987).  LSUMG V-16894 and V-16892 are 
comparable to the C. emsliei metapodials from the Bone Valley Formation (Manning and 
MacFadden, 1989). Manning and MacFadden (1989) suggested that these samples were from the 
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Citronelle Formation, but at this time, there is no geologic or geochemical data to support the 
presence of undisturbed Citronelle as a source of fossils in the Tunica Hills. 
 
Figure 8. Cormohipparion cf. C. emsliei fossils.  A-B occlusal and lateral view of V-16889, a 
right p2; C-D lateral and occlusal view of V-16890,  right P3/4; E-F occlusal and lateral view of 
V-16950, partial left dentary with p3-m3; G-H occlusal and lateral view of V-16899,  left m3; I-J 
occlusal and lateral view of V-17909,  right m1/2; K-L occlusal and lateral view of V-16897,  
right p3/4; M-N dorsal and ventral view of V-16894 and V-16892, distal end of the metacarpal 
III. 
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Genus NEOHIPPARION Gidley, 1903 
NEOHIPPARION cf. N. EURYSTYLE Cope, 1893 
Referred specimens: LSUMG V-17928, Rm1/2; LSUMG V-17906, Lp3/4 
Locality: TunicaHills/Kerry: V-17928, V-17906 
Description: LSUMG V-17928 is missing part of the posterior edge of the tooth as well as the 
roots.  LSUMG V-17906 is broken and missing the entoconid, hypoconulid and most of the 
posterior portion of the hypoconid and pli caballinid as well as the posterior portion of the 
protostylid and protoconid. LSUMG V-17928 has a well defined pli caballinid that is bifurcated, 
and LSUMG V-17906, despite being broken, has enamel that indicates the pli caballinid was also 
well defined.  The pli caballinids extend labially past the protoconid and hypoconid. They have 
shallow ectoflexids that do not extend into the plicated isthmus, and the posterior portion of the 
isthmus of LSUMG V-17906 is bifurcated.  The samples have elongated metaconids and 
metastylids.  While both samples also have “u” shaped lingual flexids, LSUMG V-17906 has a 
much shallower curve.  LSUMG V-17928 also has a protostylid that curves under the protoconid 
and a well developed hypoconulid that extends under the metastylid. LSUMG V-17906 has an 
open parastylid that is not completely enclosed in enamel. 
Discussion: The majority of the diagnostic features of Neohipparion eurystyle rely on upper 
teeth or complete tooth rows, which are not represented in the LSUMG collections. Throughout 
all wear stages, the lower p2-m3 all have a well developed pli caballinid and a shallow 
ectoflexid. Neohipparion eurystyle also has metastylids and metaconids that are widely spaced.  
Other diagnostic features include a distinct isthmus and lengthened hypoconulids and entoconids 
(MacFadden, 1984).  
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Figure 9. Neohipparion cf. N. eurystyle lower premolar and molar.  A-B occlusal and lateral view 
of V-17906, a left p3/4; C-D occlusal and lateral view of V-17928, a right m1/2. 
 
Genus NANNIPPUS Matthew, 1926 
NANNIPPUS AZTECUS Mooser, 1968  
Referred specimens: LSUMG V-16891, LM2 
Locality: Tunica Bayou: V-16891 
Description: LSUMG V-16891 has a well developed hypoconal groove and plicated fossettes.  
The protocone is isolated, elongated, and ovate, and the lingual border is concave.  The tooth 
also has a very well developed pli caballin which is bifurcated, and a parastyle and metastyle that 
are not constricted. 
Discussion: The fossettes are less plicated than Cormohipparion, and according to Manning and 
MacFadden (1989), the tooth is lower crowned than Nannippus peninsulatus.  The measurements 
are similar to the observed range of Nannippus aztecus (MacFadden, 1984; Hulbert, 1987; 
Manning and MacFadden, 1989).     Nannippus aztecus is also found in the Mio-Pliocene of 
Mexico, Florida, Oklahoma, Texas, and Alabama (Paleobiology Database, 2010). 
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Figure 10. Nannippus aztecus upper molar. A-B lateral and occlusal view of V-16891, a left M2. 
 
Genus NANNIPPUS Matthew, 1926 
NANNIPUS sp. 
Referred specimens: LSUMG V-17911,  Lm3  
Locality: TunicaHills/Kerry: V-17911 
Description: The occlusal surface of LSUMG V-17911 is chipped on the heel, metaconid, 
metastylid, protoconid, hypoconid, and parastylid.  The sample is also missing the bottom 
portion of the anterior edge of the tooth.  There is no protostylid or pli caballinid, and the 
ectoflexid is rounded and does penetrate the isthmus.  The molar is very narrow (Table 3). 
Discussion:  Nannippus beckensis is found from the Miocene to Pliocene from Florida, Texas, 
Oklahoma, Kansas, Nebraska, and Alabama (Paleobiology, 2010).  Nannippus  morgani has 
been found from the Miocene of Florida (Paleobiology, 2010).  Despite the age and range, the 
specimen does not belong to N. beckensis, as it has a definite parastylid, or N. morgani, as the 
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sample has no pli caballinid or protostylid and the ectoflexid does enter the isthmus (Hulbert, 
1993). The measurements of V-17911 compare well with the two N. westoni samples from 
Hulbert (1993; Table 3), but the V-17911 has no protostylid or plications on the isthmus. 
Table 3. Measurements of Nannippus sp. and Nannippus westoni. All measurements are in mm, 
and the UF samples are from Hulbert, 1993. 
  tooth side apl bapl atw ptw mml entl mcch
LSUMG V-17911 m3 L 18.1 - 7.7 6.6 8.1 6 - 
UF 92972 m3 R 18.3 18.6 7.3 6.6 8.2 5.3 29.4 
UF 92974 m3 R 19.4 18.5 7.6 6.8 8.7 5.4 24.2 
 
 
Figure 11. Nannippus sp. lower molar. A-B occlusal and lateral view of V-17911, a left m3. 
 
Genus cf. HIPPARION 
Referred Specimen: LSUMG V-17907 R p3/4 
Locality: TunicaHills/Kerry: V-17907 
Description: V-17907 is fairly complete, only missing a small portion of root and enamel at the 
base.  The specimen has a well-defined parastylid, a very small protostylid, and no pli caballinid.  
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The ectoflexid is rounded and deep, but does not penetrate the isthmus.  Both the hypoconid and 
protoconid are large, and the specimen does not have even simple plications. 
Discussion: The specimen does not compare well with Nannippus ingenuus which lacks a well 
defined parastylid in the p3 or p4.  The sample does not compare well with Cormohipparion 
because of the lack of a pli caballinid or a well defined protostylid.  The sample compares with 
Hipparion based on a deep ectoflexid, but the majority of the diagnostic features are found in the 
skull and upper dentition (MacFadden, 1984), making the identification of a single lower 
premolar difficult. 
 
Figure 12. cf. Hipparion sp.  lower premolar. A-B lateral and occlusal view of V-17907, right 
p3/4.  
 
Genus cf. ASTROHIPPUS Stirton, 1940 
Referred specimens: LSUMG V-17904, LDP3/4 
Locality: TunicaHills/Kerry: V-17904 
Description: The tooth is broken and missing the mesostyle.  Much of the enamel on the labial 
side of the tooth is also missing.  The protocone is connected to the protoloph and is oval.  The 
fossettes are very simple, there is a small pli caballin, and overall very few plications. 
27 
 
Discussion: This specimen is considered to be a deciduous tooth, and it is similar to the 
Astrohippus permanent molars from the Bone Valley Formation in MacFadden (1986).  
However, V-17904 is very narrow when compared to a permanent molar (per. comm. Hulbert, 
2010).  There are no deciduous teeth in the description from MacFadden (1986), and limited data 
on deciduous molars limits the precise identification.  
 
 
Figure 13. cf. Astrohippus upper molar. A-B lateral and occlusal view of V-17904, a left 
deciduous p3/4. 
 
Genus EQUUS Linnaeus, 1758 
Referred Specimen: LSUMG V-1640 Rm3 
Description: The specimen is very large and has an anterior-posterior length (apl) of 37.7 mm.  
The enamel is thick and well preserved.  The specimen is only missing part of the enamel on the 
anterior edge of the parastylid.  There is no pli caballinid or protostylid, and the ectoflexid 
extends through the isthmus.  There are no additional plications, and the dentine has a depression 
in the middle of the protoconid, metaconid, metastylid, hypoconid, and the heel. 
Discussion:  The large size is an indication that this molar belongs to Equus. 
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 Figure 14. Equus sp. right lower molar. A-B lateral and occlusal view of V-1640, a right m3.  
 
Family RHINOCEROTIDAE Gray, 1821 
Genus TELEOCERAS Hatcher, 1894 
Referred specimen: LSMG V-17967 humerus, LSUMG V-17934 left femur, LSUMG V-17966 
pelvis, ribs, tail 
Locality: TunicaHills/Kerry: V-17967, V-17966, V-17934 
Description: The referred specimens all belong to the same individual.  The majority of the 
humerus is present, but it is in many large and small pieces.  Neither distal or proximal ends are 
complete, and the numerous fragments do not allow for measurements.  The pelvis is cracked 
and missing some of the edges of the wings of the ilium and the ischial tuberosities, so the 
measurements of the greatest width, 83.8 cm, and length, 58.8 cm, are less than the actual values.  
The left femur is fairly complete and the greatest length is 46.5 cm, the greatest breadth of the 
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distal end is 12.7 cm, and the greatest breadth of the proximal end is 17.6 cm.  The femur has 
been repaired so the measurements could be slightly different. 
Discussion: The sampled humerus was found with other skeletal elements including a femur, 
ribs, tail, and a fairly complete pelvis that were identified as Teleoceras (Schiebout et al., 2006).  
Teleoceras is characterized as having shortened, robust limbs (e.g. Prothero, 1998, Prothero, 
2005), and the morphology of the humerus and femur fit this character.  T. major, T. 
medicornutum, and T. meridianum are known from eastern Texas, not far from the Louisiana 
border, T. proterum is known from Florida, and T. hicksi is known from Florida and Texas 
(Paleobiology Database, 2010).  Measurements of the femur length and distal width from 
Prothero (2005) were compared to LSUMG V-17934.  The measurements were taken as shown 
in figure 15.  When measurements are compared, the length compares best with T. hicksi and T. 
medicornutum, and the distal width compares best with T. major and T.  medicomutum.  The 
combination of range and size would indicate that T. medicornutum, T. hicksi, and T. major are 
possible species for the material found at the TunicaHills/Kerry site.  
 
Table 4. Comparison of measurements of Teleoceras, femur length and distal width, in mm.  
Measurements from Prothero (2005) were compared to one LSU sample. 
 
Species average length 
standard 
deviation
number of 
specimens 
average 
distal 
width 
standard 
deviation 
number of 
specimens
T. hicksi 440 20 3 115 9 3 
T. major 384 15 7 123 7 7 
T. medicornutum 433 24 5 121 12 7 
T. meridianum 398 1 110 1 
T. proterum 392 17 7 102 12 6 
LSUMG V-
17934 465 1 127 1 
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Figure 15. Teleoceras left femur with greatest length and greatest distal width labeled. 
 
Figure 16. Teleoceras pelvis displayed in plaster jacket from TunicaHills/Kerry site. 10 cm scale 
bar. 
 
Order PROBOSCIDEA Illiger, 1811 
Family MAMMUTIDAE Hay, 1922 
Genus MAMMUT Blumenbach, 1799 
Referred Specimens: LSUMG V-14505 skull fragment, LSUMG V-14540 tooth fragment, 
LSUMG V-14595 lower dentary fragment with two teeth, V-17071 tooth  
Locality: Hinds County, Ms: V-14505; 14540; Kimball Creek: V-14595; Tunica Hills: V-17071 
31 
 
Description: These specimens were not found together and represent separate individuals.  V-
14505 is a small fragment of bone with many air cells.  V-14540 is a well worn tooth fragment 
with only a small section of cusp enamel, and dentine makes up the majority of the preserved 
sample.  V-14595 is a dentary fragment that contains two teeth.  Both teeth are broken, but one is 
very worn and looks like it was ready to be shed.  The second tooth is broken, but the remaining 
enamel only shows slight wear on one cusp.  Based on the size and wear it appears that both 
teeth have three lophs.  V-17071 is a complete tooth that has four major lophs with significantly 
smaller cusps on the posterior portion of the tooth.  One cusp has been worn enough to expose a 
small amount of dentine, and there are indications of very minor wear on three other cups. 
Discussion:  The characteristics, including the lack of accessory conules, are the same as those 
for Mammut americanum, but these samples cannot be definitively assigned to a species.  These 
specimens are representative of float material that can be found along the creeks of interest, but 
most are small fragments of enamel. 
 
Figure 17. Mammut sp. fossils. A: V-14505 skull fragment; B V-14540 tooth fragment in 
occlusal view; C V-17071 tooth in occlusal view; D V-14595 lower dentary with two teeth in 
occlusal view. 
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 MAMMUT cf. M. MATTHEWI Osborn, 1921 
 
Referred Specimens: LSUMG V-17901 palate with two molars, one shed molar, two tusks 
 
Locality: TunicaHills/Kerry site: V-17901 
 
Description: The palate with two molars shows both wear and damage.  The worn lophs have 
evidence for smaller accessory conules.  Each tooth has four rows of two large cusps and a much 
smaller row with three very small cusps on the posterior portion of the tooth.  The longest tusk is 
2.2 meters, and both tusks curve outward, slightly, before curving back toward the center.   
 
Discussion:  Although the molars do have accessory conules, they are not developed to the 
extent of cloverleaf- shaped trefoils seen in gomphotheres (Lambert, 2007).  The additional 
accessory conules and the age of the site, determined based on other fauna, indicate that the 
samples are not Mammut americanum, but may instead be Mammut matthewi.  According to the 
Paleobiology database (2010), other synonyms include Mastodon matthewi (Osborn, 1922), 
Miomastodon matthewi (Osborn, 1942), Pliomastodon matthewi (Osborn, 1926, Matthew, 1930) 
Pliomastodon vexillarium (Matthew, 1930), Pliomastodon sellardsi (Simpson, 1930), and 
Pliomastodon nevadanus (Tedford et al., 1987).  Pliomastodon matthewi was referred to 
Mammut as Mammut matthewi by Shoshani and Tassy (1996).  Mammut matthewi has been 
found from the Miocene of Florida to the Plio-Pleistocene of California (Paleobiology database, 
2010). The only other Miocene-Pliocene Mammut species include M. cosoensis, only found in 
California, M. furlongi, only found in Oregon, and M. raki, only found in New Mexico 
(Paleobiology database, 2010). 
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Figure 18. Mammut cf. M. matthewi palate (A) and tusks (B). V-17901 palate in occlusal view 
with both tusks in supported drying jacket. 
 
MAMMUT cf. M. AMERICANUM Kerr, 1792 
Referred Specimen: LSUMG V-19513 bone, tooth, and tusk fragments 
Locality: Natchez, Ms: LSUMG V-19513 
Description: The material includes numerous small to medium pieces of bone, tusk and tooth 
material that were found in situ in a loess bluff, which are considered to belong to one individual.  
Specimens sampled for REE analysis included a worn tooth with only a small amount of enamel, 
a piece of bone containing many air cells, and a piece of tusk dentine.  The tusk sample's cross 
section is not a complete circle, but the layering indicates a concentric, cone-in-cone structure.  
The broken edges of the tusk also have a cross hatching pattern.  All of the material is light tan to 
white in color and still has remnants of the loess stuck to cracks and crevices. 
Discussion: One characteristic of Proboscidea is a highly pneumatized (containing many air 
cells) skull (e.g. Lambert and Shoshani, 1998).  Mammut teeth, especially the Pleistocene 
specimens, are represented by cones that are elongated in the transverse direction creating lophs 
(e.g. Lambert and Shoshani, 1998).  These lophs lack both accessory conules and medial sulcus 
which creates simple lophs after being worn (Lambert and Shoshani, 1998).  Gomphotheres 
differ with presence of conules and accessory conules that create clover shaped lophs called 
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trefoils (Lambert, 2007).  The upper tusks have either lost enamel bands, or they have become 
insignificant (Lambert and Shoshani, 1998).  The in situ position of the material in loess bluffs 
helps to assign this material to Mammut americanum. 
 
Figure 19. Mammut cf. M. americanum tooth, tusk and bone. V-19513 tooth in occlusal view (A) 
and tusk (B) and skull (C) fragments. 
 
Order CARNIVORA Bowditch, 1821 
Family FELIDAE Gray, 1821 
Genus SMILODON Lund, 1841 
SMILODON cf. S. FATALIS Leidy, 1868 
Referred Specimen: LSUMG V-14177 distal left humerus 
Locality: Tunica Bayou: V-14177 
Description:  The sample consists only of the distalmost portion of the humerus, and shows both 
wear and gnawing by a rodent.  The trochlea has a relatively broad, rounded “U” shape, and a 
well defined olecranon fossa. The edges of both the lateral and medial epicondyles are broken.  
The distal articulation and entepicondylar foramen are preserved, and both show additional wear 
along the margins.   
Discussion: An entepicondylar foramen can be found in large felids such as bobcats, mountain 
lions, and jaguars (Gilbert, 1980), but it is not found in proboscideans, perissodactyls, and 
artiodactyls and are only rarely found in canids, hyaenids, and ursids (Landry, 1958).  The 
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sample was compared to FLMNH samples of Panthera leo atrox, Smilodon fatalis, and Smilodon 
gracilis. Examination of the trochlea shape was useful.  Smilodon has a broad “U” shaped 
trochlea whereas Panthera leo atrox has a longer, narrow U shape.   Measurements were taken 
on the greatest breadth of the distal end where the size differences were very clear.  The sample 
is too large to belong to Smilodon gracilis which had a value of 69.69 mm while the other 
samples were 96.48 mm and greater.  In these two specimens, S. fatalis is 38.4% larger than S. 
gracilis.  The specimen compares well with Smilodon and may represent Smilodon fatalis.  
 
Figure 20. Smilodon sp. distal end of a left humerus. V-14177 in caudal (A), cranial (B), and 
distal (C) view. 
 
Order XENARTHRA Cope, 1889 
Family MYLODONTIDAE Gill, 1872 
Genus PARAMYLODON Brown, 1903 
Referred Specimen:  LSUMG V-14493 distal tibia 
Locality: Vicksburg, MS: V-14493 
Description: The majority of the tibia is missing, but the diagnostic articulation with the 
astragalus is present. The inner portion of the articular surface has a large hemispherical 
indentation which allows for a ball-and-socket-like articulation with the astragalus.   
36 
 
Discussion:  The sample was originally identified as Megalonyx jeffersonii, but after examining 
both Paramylodon and Megalonyx specimens at the Florida Museum of Natural History, it was 
clear that Megalonyx has a relatively flat articulation with the astragalus, and does not have the 
ball and socket type articulation characteristic of Paramylodon (Figure 21) (per. comm. Hulbert, 
2010; McDonald et al., 2000; Lull, 1915). This sample is currently the only identified 
Paramylodon material from the Tunica Hills.  Samples have been found in the Pliocene of 
Mexico, Idaho, Texas and Colorado, the Plio-Pleistocene of New Mexico, and the Pleistocene of 
Mexico, Guatemala, Alberta, Canada, and 18 states in the U.S. including Texas, Tennessee, 
South Carolina, Georgia, and Florida (Paleobiology Database, 2010). 
 
Figure 21. Paramylodon sp. distal end of a tibia. V-144493 in distal (A) and dorsal views (B). 
  
Family MEGALONYCHIDAE Gervais, 1855 
Genus MEGALONYX Jefferson, 1799 
MEGALONYX JEFFERSONII Desmarest, 1822 
Referred Specimen: LSUMG V-14010 upper caniniform, LSUMG V-14011 upper caniniform 
Locality: Kimball Creek: V-14011; Tunica Hills: V-14010 
Description: Both samples are well preserved, but some dentine is missing from the base of both 
teeth.  The teeth have strong lingual bulges with well defined distal and mesial grooves. The 
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occlusal surface of V-14010 is 39.1 mm long and 19.5 mm wide and V-14011 is 34.9 mm long 
and 16.0 mm wide.  
Discussion: Both samples compare well with the Rancholabrean samples plotted in figure 4 in 
McDonald et al. (2000).  The similarity in size, the well-developed lingual groove, and the well 
developed distal and mesial grooves are indicative of upper caniniforms from Megalonyx 
jeffersonii (McDonald, 1977; McDonald et al., 2000; Shubert et al., 2004). 
 
Figure 22. Megalonyx jeffersonii upper caniniforms. Occlusal view of V-14010 (A) and V-14011 
(B) 
Order CINGULATA Illiger, 1811 
Family PAMPATHERIIDAE Couto, 1954 
Genus HOLMESINA Simpson, 1930 
HOLMESINA sp. 
Referred Specimen: LSUMG V-14121 
Locality: Tunica Bayou: V-14121 
Description: The sample is a complete rectangular osteoderm that measures 45.9 mm long, 30.4 
mm at the widest point, and 10.6 mm at the thickest point.  The posterior end is more rounded 
than the anterior end, and there is also a small ridge down the center of the posterior end. 
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Discussion:  The sample compared well to a large collection of osteoderms at the FLMNH, and 
the ridge indicates that it is from the tail.  Due to the lack of stratigraphic control on the 
specimen, it is not possible to determine if it is the Plio-Pleistocene Holmesina floridanus or the 
Pleistocene Holmesina septentrionalis. 
 
Figure 23. Top view of a Holmesina osteoderm.  Posterior end to the left. 
 
Class AVES Linnaeus, 1758 
Order GALLIFORMES Temminck, 1820 
Family PHASIANIDAE  
Genus BONASA Stephens, 1819 
BONASA UMBELLUS Linnaeus, 1766 
Referred Specimen: LSUMG V-14148 left humerus 
Locality: Tunica Bayou: V-14148 
Description: LSUMG V-14148 is a well preserved, complete left humerus with a thin layer of 
concretion covering the proximal end. 
Discussion: Bonasa umbellus from the Tunica Hills region was published by Chandler (1998, 
sample number CCVC 563) but no detailed description of this specimen was included.  Three 
Bonasa umbellus skeletons from the ornithology collection at the LSU Museum of Natural 
Science were used for comparison with the fossil sample (Table 5).  The fossil matched the 
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modern male samples in both general characteristics and the measurement of the proximal end 
(Bp), the total length (GL), the smallest diameter of the shaft (SC), and the greatest breadth of 
the distal end (Bd). 
Table 5. Measurements of modern and fossil humeri of Bonasa umbellus from LSU Museum of 
Natural Science ornithology and vertebrate paleontology collections. Values reported in mm. 
Sample Number Collection Locality Gender Side Bp GL SC Bd 
LSUMG V-14148 West Feliciana Parish, LA unknown left 16.7 55.7 5.9 11.8 
LSUMZ 154957 Salem, NH male left 16.0 55.2 5.6 11.6 
   right 16.1 55.2 5.6 11.7 
LSUMZ 118586 Snohomish County, WA male left 16.2 55.6 5.7 11.9 
   right 16.3 55.7 5.6 11.9 
LSUMZ 151937 Washtenaw County, MI female left  15.7 - - - 
   right 15.8 52.5 5.4 10.7 
 
Figure 24. Bonasa umbellus left humerus. V-14148 in ventral (A) and dorsal (B) view.  
A                                   B 
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CHAPTER 4. RESULTS 
The sediments and thicknesses that were collected in the field were used to create 
generalized stratigraphic columns for one site on Kimball Creek (Figure 25), one site on Little 
Bayou Sara (Figure 26), and two sites on Thompson Creek (Figure 27 and 28).  The section on 
Kimball creek is mainly dense, blue-grey clay similar to the Pascagoula Formation, but the clay 
at the top of the section includes wood, gastropods, and fragmented shell material.  Little Bayou 
Sara sediments include alternating layers of dense, blue-grey clay and red, poorly sorted sands 
with pebbles.  The poorly sorted, alternating layers of sand and pebbles most likely represent the 
undifferentiated Pleistocene deposits, but these deposits remain poorly understood even by the 
Louisiana Geological Survey.   Both Thompson Creek sections have dense Pascagoula 
Formation clay at the base, fine-grained loess at the top, and alternating layers of sand and 
pebbles in the center. 
The total concentration of REEs in bone and dentine samples in this study range between 
0.1829 and 578.55 ppm (Table 6).  The sample do not compare well when grouped by site.  The 
exceptions to this are the specimens from the Tunica Hills locality.  The specimens from the 
Tunica Hills locality include dentine from Mammut, Megalonyx, Cormohipparion, and Equus 
(Figure 29).  From this site, the Cormohipparion dentine has the greatest mean elemental 
concentration, 33.31 ppm and has a La/Sm ratio of 0.534 and a Sm/Yb ratio of 0.812.  The 
Megalonyx and Equus dentine samples have almost the same mean elemental concentrations, 
2.11 and 2.22 ppm, and similar La/Sm ratios, 1.072 and 0.737, and Sm/Yb ratios, 0.905 and 
0.729, respectively.  The Mammut dentine has the lowest concentration, 0.37 ppm, and lowest 
Sm/Yb ratio, 0.596, but the La/Sm ratio 1.074, is almost identical to the Megalonyx dentine.  The 
samples all have lower enrichment of the light REEs with a gradual increase in the medium and  
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 Figure 25. Generalized stratigraphic column for Kimball Creek, Pascagoula Formation. GPS 
coordinates: N 30º 59.482’ W091º 29.317 
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 Figure 26. Generalized stratigraphic column for Little Bayou Sara.  Column on the right is used 
to show that the poorly sorted sand bed is not an even thickness. No samples for REE analysis. 
GPS coordinates: N 30º 59.315’ W 091º 29.240’ 
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Figure 27. Generalized stratigraphic column from Thompson Creek 11.9 km north of the 
TunicaHills/Kerry site following the creek bed (straight path 9.1 km heading 12.9º).  GPS 
coordinates: N 30º 58.315’ W090º 11.185’. 
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 Figure 28. Generalized stratigraphic column for Thompson Creek 0.75 km north of the 
TunicaHills/Kerry site following the creek bed (straight path 0.68 km heading 12.12º). GPS 
coordinates: N 30º 53.873’ W 091º 12.390. 
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heavy REEs.  While there are no strong cerium anomalies, all four specimens have negative 
europium anomalies.  
Figure 29. REE profile comparison for Tunica Hills site. 
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The Natchez specimens are in situ bone, tooth dentine, and tusk dentine from a mastodon 
found in a loess bluff (Figure 30).  The bone sample had the highest mean elemental 
concentration, 0.04 ppm, the tusk sample mean elemental concentration was 0.02 ppm, and the 
tooth dentine had the lowest mean concentrations, 0.01 ppm.  The bone, tooth, and tusk have 
similar La/Yb ratios of 0.938, 0.944, and 0.977, respectively.  The La/Sm ratios are 0.810, 0.765, 
and 1.123, and Sm/Yb ratios are 1.157, 1.234, and 0.870, respectively.  The bone, tooth, and tusk 
patterns are similar and only have two differences, which include a negative europium anomaly 
in the bone sample and an enrichment of thulium with relation to erbium and ytterbium in the 
tooth dentine samples.  
 
Figure 30. REE profile comparison for Mammut fossils from the Natchez site. 
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When the specimens are compared by organism, instead of site, there are some 
similarities.  All Mammut specimens (Figure 31) show similar trends. The bottom group in grey 
includes the specimens from one individual collected in Natchez, MS, and they have a mean 
elemental concentration of 0.03 ppm, a mean La/Sm ratio of 0.899, and a mean Sm/Yb ratio of 
1.087. The middle group of specimens includes the samples from the Tunica Hills, Kimball 
Creek, and Hinds County sites.  These specimens have an overall higher mean elemental 
concentration of 0.39 ppm, a lower mean La/Yb ratio, 0.6812, a comparable mean La/Sm ratio, 
0.901, and a lower Sm/Yb ratio, 0.802.  All show some degree of negative cerium anomalies and 
well defined negative europium anomalies.   
The two upper, dark blue specimens in figure 31 are tusk dentine and bone from the 
TunicaHills/Kerry site Mammut material and have mean elemental concentrations of 25.990 and 
14.114 ppm, La/Yb ratios of 1.229 and 0.508, La/Sm ratios of 1.057 and 0.775, and Sm/Yb ratios 
of 1.163 and 0.656, respectively.  They have a greater enrichment than the other nine samples.  
The mean elemental concentrations are 25.99 and 14.11 ppm respectively.  The tooth dentine 
does not plot with the other two TH/K samples, but after reexamining the sampling site it was 
clear that both dentine and enamel were in the analyzed sample.  Despite the sampling error, the 
tooth dentine has a La/Yb ratio of 0.808 which falls between the other two samples.  However, 
the La/Sm ratio of 1.377 is the highest and the Sm/Yb ratio of 0.587 is the lowest among the 
three samples, but all samples do show varying degrees of positive cerium anomalies in contrast 
to the negative anomalies seen in the other eight samples in figure 31.  Bone and tusk results 
from TH/K indicate a negative europium anomaly, and the tooth sample has a stronger negative 
anomaly. 
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Figure 31. REE profile comparison for Mammut specimens.  TH/K is dark blue, Natchez is grey, 
HC is light blue, KC is red, TH is orange, bone is a square, tusk dentine is a diamond, tooth 
dentine is a triangle 
A single Paramylodon bone was sampled, and for comparison, the REE profile will be  
plotted with the three Megalonyx samples (Figure 32).  Overall REE trends compare well 
between all four specimens, but there is better correlation when they are broken down into two 
groups.  Kimball Creek and Tunica Hills Megalonyx dentine specimens plot with similar trends.  
The Kimball Creek and Tunica Hills specimens have similar mean elemental concentrations, 
2.866 and 2.111, La/Yb ratios, 0.882 and 0.970, La/Sm ratios, 1.105 and 1.073, and Sm/Yb 
ratios, 0.798 and 0.905, respectively.  The dentine has REE higher concentrations than the bone 
specimens, but this trend is the opposite of what is expected because bone usually becomes more 
enriched than dentine (Trueman and Tuross, 2002).  The dentine specimens have slight negative 
cerium anomalies and defined negative europium anomalies.  The Paramylodon specimen has a 
stronger negative cerium anomaly than the Megalonyx specimen, but both have negative 
europium anomalies. The bone specimens, one from Paramylodon found in Vicksburg, MS, and 
one from Megalonyx found in Little Bayou Sara, have lower mean elemental concentrations, 
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La/Yb ratios, and Sm/Yb ratios than the dentine, but the La/Sm ratios are comparable.  The 
Paramylodon specimen has a mean elemental concentration of 0.869 ppm, La/Yb ratio of 0.422, 
La/Sm ratio of 0.939, and Sm/Yb ratio of 0.449.  The Megalonyx specimen has a mean elemental 
concentration of 0.583 ppm., La/Yb ratio of 0.451, La/Sm ratio of 1.203, and Sm/Yb ratio of 
0.375. 
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Figure 32. REE Profile comparison for Megalonyx and Paramylodon specimens. 
 
The two Equus specimen are from Little Bayou Sara and Tunica Hills site (Figure 33).    
Both specimens have greater enrichment of medium and heavy REEs, negligible negative cerium 
anomalies, and negative europium anomalies.  The Tunica Hills specimen has a mean elemental 
concentration of 2.220 ppm , a La/Yb ratio of 0.537, a La/Sm ratio of 0.737, and a Sm/Yb ratio 
of 0.729.  The Little Bayou Sara specimen has a mean elemental concentration of 0.833, a La/Yb 
ratio of 0.657, a La/Sm ratio of 0.618, and a Sm/Yb ratio of 1.063. 
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Figure 33. REE profile comparison of Equus dentine samples. 
0.1
1
10
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
R
EE
/P
A
A
S 
co
nc
en
tra
tio
ns
 in
 p
pm Tunica Hills
Little Bayou Sara
Cormohipparion specimens were analyzed in an attempt to cover all of the creeks of 
interest within the Tunica Hills using one genus.  Little Bayou Sara was the only creek that had 
no known Cormohipparion material.  In order to better compare specimens, the material was 
separated into two categories: dentine (Figure 34) and bone (Figure 35).  Dentine specimens 
separate into two groups based on REE profiles.  The two Kimball Creek dentine samples have 
the lowest mean elemental concentrations of 0.760 and 1.274 ppm, La/Yb ratios of 0.321 and 
0.083, La/Sm ratios of 1.156 and 1.212, and Sm/Yb ratios of 0.278 and 0.069, respectively.  The 
upper group contains specimens from Tunica Bayou, Tunica Hills, and TH/K.  The two Tunica 
Bayou samples have mean elemental concentrations of 24.091 and 30.913 ppm, La/Yb ratios of 
0.188 and 0.213, La/Sm ratios of 0.598 and 0.687, and Sm/Yb ratios of 0.313 and 0.310, 
respectively.  The Tunica Hills specimen has a mean elemental concentration of 33.313 ppm, 
La/Yb ratio of 0.433, La/Sm ratio of 0.534, and Sm/Yb ratio of 0.812.  The TH/K specimen has a 
mean elemental concentration of 19.182, La/Yb ratio of 0.309, La/Sm ratio of 0.635, and Sm/Yb 
ratio of 0.486.  Four of the samples have negative cerium anomalies and two have positive 
anomalies.  The same four dentine specimens with negative cerium anomalies also have stronger 
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negative europium anomalies than the other two.  All six dentine specimens show a minor 
positive slope between the light and heavy REEs. 
Figure 34. REE profile comparison of Cormohipparion dentine specimens. 
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Figure 35. REE profile comparison of Cormohipparion bone specimens. 
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The bone samples have greater variability between specimens (Figure 35). Kimball Creek 
and Tunica Bayou bone 1 samples have an almost identical pattern as well as concentration.  
Kimball Creek 1 specimen has a mean elemental concentration of 33.845 pp, La/Yb ratio of 
0.735, La/Sm ratio of 0.759, and Sm/Yb ratio of 0.969.  The Tunica Bayou 1specimen has a 
mean elemental concentration of 30.627 ppm, La/Yb ratio of 0.734, La/Sm ratio of 0.718, and 
Sm/Yb ratio of 1.023.  Both have a slight positive cerium anomaly, a negative europium 
anomaly, and a flat profile with just a slight enrichment of the medium REEs.  The lower group 
also has one specimen from Kimball Creek and Tunica Bayou.  The second bone from Kimball 
Creek has no cerium anomaly, a slight negative europium anomaly, a mean elemental 
concentration of 8.540 ppm, La/Yb ratio of 0.254, La/Sm ratio of 1.289, and Sm/Yb ratio of 
0.197.  The second Tunica Bayou sample has a strong negative cerium anomaly, a slight negative 
europium anomaly, a mean elemental concentration of 8.815, La/Yb ratio of 0.301, La/Sm ratio 
of 0.521, and Sm/Yb ratio of 0.578. 
 The specimens were then separated into groups based on negative or positive cerium 
anomalies.  This combines the specimens with negative cerium anomaly from Tunica Hills, 
Tunica Bayou, and the second Kimball Creek dentine specimen (Figure 36).  The Kimball Creek 
dentine specimen has a stronger negative europium anomaly, but overall the specimens with 
negative cerium anomalies compare well.  The Kimball Creek dentine 2 specimen has a mean 
elemental concentration of 1.274 ppm, La/Yb ratio of 0.083, La/Sm ratio of 1.212, and Sm/Yb 
ratio of 0.069.  Tunica Bayou bone 2 has a mean elemental concentration of 8.815, La/Yb ratio 
of 0.301, La/Sm ratio of 0.521, and Sm/Yb ratio of 0.578.  Tunica Bayou dentine 2 has a mean 
elemental concentration of 24.091 ppm, La/Yb ratio of 0.188, La/Sm ratio of 0.598, and Sm/Yb 
ratio of 0.313.  The dentine 1 specimen has a mean elemental concentration of 30.913, La/Yb 
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ratio of 0.213, La/Sm ratio of 0.687, and Sm/Yb ratio of 0.310.  The Tunica Hills specimen has a 
mean elemental concentration of 33.313, La/Yb ratio of 0.433, La/Sm ratio of 0.534, and Sm/Yb 
ratio of 0.812.    
 
Figure 36. REE profile comparison of Cormohipparion specimens with negative cerium 
anomalies. 
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Figure 37 contains two bone specimens from Kimball Creek, a bone specimen from 
Tunica Bayou, a dentine specimen from Kimball Creek and the TH/K site dentine specimen.  All 
specimens have a positive cerium anomaly, with the exception of the dentary bone sample from 
Kimball Creek which has a negative anomaly.  The exception was still placed in this group 
because it is from the same dentary as the first Kimball Creek dentine specimen.  The Kimball 
Creek scapula and Tunica Bayou metacarpal profiles have similar trends of mean elemental 
concentrations of 33.845 and 30.627 ppm, La/Yb ratio of 0.735 and 0.734, La/Sm ratio of 0.759 
and 0.718, and Sm/Yb ratio of 0.969 and 1.023, respectively.  Dentine from the TH/K site has a 
mean elemental concentration of 19.182 ppm, La/Yb ratio of 0.309, La/Sm ratio of 0.635, and 
Sm/Yb ratio of 0.486.  The second Kimball Creek bone and the dentine sample are from the 
same dentary and have mean elemental concentrations of 8.540 an 0.760 ppm, La/Yb ratio of 
0.254, La/Sm ratio of 1.289, and Sm/Yb ratio of 0.197, respectively. 
55 
 
Figure 37. REE profile comparison of Cormohipparion specimens with positive cerium 
anomalies. 
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Due to small sample sizes, the elemental profiles of the remaining perissodactyls were 
compared as a group (Figure 38).  This group includes one specimen of a rhinoceros, Teleoceras, 
and four horses, one specimen of Astrohippus and Hipparion and two specimens each of 
Nannippus and Neohipparion.  One Nannippus specimen is from Tunica Bayou and the 
remaining six specimens are from the TunicaHills/Kerry site.  Overall, the seven specimens have 
similar trends.  Six specimens have positive cerium anomalies, all have negative europium 
anomalies, and with the exception of the cerium anomalies, there is an overall positive slope 
between the light and heavy REEs.  Five specimens have an increase in Lu, and two specimens, a 
Thompson Creek Neohipparion and the Tunica Bayou Nannippus specimens, do not have an 
increase in the enrichment of lutetium.  The La/Lu ratios range from 0.205 to 0.345.  Astrohippus 
has the highest mean elemental concentration of 30.359 ppm, La/Yb ratio of 0.376, La/Sm ratio 
of 0.711, and Sm/Yb ratio of 0.529.  Neohipparion dentine 1 has a mean elemental concentration 
of 22.399 ppm, La/Yb ratio of 0.387, La/Sm ratio of 0.598, and Sm/Yb ratio of 0.648.  The 
Tunica Bayou Nannippus specimen has a mean elemental concentration of 21.634, La/Yb ratio 
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of 0.233, La/Sm ratio of 2.139, and Sm/Yb ratio of 0.109.  The TH/K Nannippus specimen has a 
mean elemental concentration of 20.811, La/Yb ratio of 0.236, La/Sm ratio of 1.076, and Sm/Yb 
ratio of0.219.  The Teleoceras bone specimen has similar trends as the previous four horse 
dentine specimens in concentration, 20.145 ppm, La/Yb ratio of 0.320, La/Sm ratio of 0.818, and 
Sm/Yb ratio of 0.392. The last two horse dentine specimens from TH/K, Neohipparion 2 and 
Hipparion, have lower mean elemental concentrations of 7.948 and 6.947 ppm, La/Yb ratios of 
0.273 and 0.458, La/Sm ratios of 0.803 and 2.068, and Sm/Yb ratios of 0.340 and 0.222, 
respectively. 
 
Figure 38. REE profile comparison for Astrohippus, Hipparion, Nannippus, Neohipparion, and 
Teleoceras specimens. TC represents the TunicaHills/Kerry site 
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Solitary specimens from Synthetoceras, Holmesina, Bonasa, and Smilodon were 
analyzed.  In order to compare profiles, specimens from different sites and animals were used.  
Synthetoceras was compared to the average perissodactyl value from Thompson Creek (Figure 
39).  The patterns have similar trends, negative europium anomalies, and positive slopes through 
the medium and heavy REEs.  However, the average perissodactyl profile has a strong positive 
cerium anomaly, while the Synthetoceras bone has a very minor negative anomaly.  In an 
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attempt to find a closer match, Synthetoceras was also compared to the Tunica Bayou Nannippus 
dentine specimen.  The Synthetoceras bone specimen has a mean elemental concentration of 
41.325 ppm while concentrations for the Tunica Bayou Nannippus specimen and TH/K 
perissodactyl are 21.634 and 18.237, respectively.  When comparing the La/Yb ratios, the 
Synthetoceras specimen has the highest values of 0.400 while the TH/K and Tunica Bayou 
values are 0.329 and 0.233, respectively.  Synthetoceras also compares well with the average 
TH/K perissodactyl value with regard to La/Sm ratios, 0.752 and 0.770, and Sm/Yb ratios, 0.532 
and 0.427, respectively.  The Tunica Bayou values are more variable with a La/Yb ratio of 0.232, 
La/Sm ratio of 2.134, and Sm/Yb ratio of 0.109.  
 
Figure 39. REE profile comparison for specimens of Synthetoceras, the Tunica Bayou 
Nannippus, and the average perissodactyl REE profile for Thompson Creek. 
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The Holmesina osteoderm compares well with Kimball Creek Megalonyx dentine (Figure 
40), and they have similar trends.  Both have negative cerium and europium anomalies, both 
have depleted LREE concentrations, and both have overall positive slope between La and Lu.  
The Holmesina osteoderm has a mean elemental concentration of 5.037 ppm, La/Yb ratio of 
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0.727, La/Sm ratio of 0.894, and Sm/Yb ratio of 0.814.  The Kimball Creek Megalonyx specimen 
has a mean elemental concentration of 2.866 ppm, La/Yb ratio of 0.882, La/Sm ratio of 1.105, 
and Sm/Yb ratio of 0.798. The two specimens have very similar concentration and ratios making 
them a good comparison. 
Figure 40. REE profile comparison for Holmesina and Megalonyx. 
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Bonasa and Smilodon compare well with the Tunica Hills Equus dentine (Figure 41).  All 
three specimens have insignificant negative or no cerium anomalies and defined negative 
europium anomalies.  The Smilodon, Bonasa, and Equus profiles have depletion in the LREE 
values compared to the PAAS values, similar Sm/Yb ratios, 0.678, 0.791, and 0.729, 
respectively.  The Smilodon bone has a mean elemental concentration of 1.043 ppm, and the 
Bonasa bone has a mean elemental concentration of 0.316 ppm.  The two specimens, Smilodon 
and Bonasa, have similar trends in La/Yb ratios, 0.716 and 0.825, and La/Sm ratios, 1.056 and 
1.043, respectively.  The Tunica Hills Equus dentine has a La/Yb ratio of 0.537 and a La/Sm 
ratio of 0.737.  
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Figure 41. REE profile comparison for Bonasa, Smilodon, and Equus. 
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 The shell material does not compare well with the bone and dentine.  There are 
differences between the gastropods found in the Clarks Creek Wilderness Area loess and the 
gastropods from Tunica Bayou, Kimball Creek, and the Pascagoula Formation (Figure 42).  To 
make figure 42 easier to understand the specimens from Tunica Bayou and Kimball Creek were 
averaged so that there is only one profile per creek.  The mean elemental concentration are 0.294 
and 0.219 ppm, La/Yb ratio of 0.0412 and 0.061, La/Sm ratio of 0.445 and 0.342, and Sm/Yb 
ratio of 10.782 and 5.573, respectively.   The light REEs are enriched and the medium and heavy 
REEs are depleted, opposite of the trend seen in bone and dentine.  Light REEs are more 
enriched in the Pascagoula Formation than the Kimball Creek and Tunica Bayou specimens, and 
has mean elemental concentration of 1.088, La/Yb ratio of 0.130, La/Sm ratio of 1.730, and 
Sm/Yb ratio of 13.274.  All three of these sites also have positive cerium anomalies.  The Clark’s 
Creek loess specimen has a negative cerium anomaly, but the remaining elements compare well 
with the other sites.  The Clark’s Creek specimen has La/Yb ratio of 0.082, La/Sm ratio of 0.845, 
and Sm/Yb ratio of 10.283. 
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Figure 42. REE profile comparison of shell specimens.  
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 The carbonate nodule samples were compared, and the Kimball Creek samples and 
Tunica Bayou samples were similar.  The values were averaged for easier comparison among 
sites (Figure 43).  The two averaged values were then compared to the two nodules in situ 
collected from the Pascagoula Formation on Thompson Creek.  The nodule from the east side of 
Thompson Creek has a positive cerium anomaly, a negative europium anomaly, a mean 
elemental concentration of 3.320 ppm, La/Yb ratio of 0.107, La/Sm ratio of 0.672, and Sm/Yb 
ratio of 0.160.  The nodule from the west side of the creek has a slight negative cerium anomaly, 
a slight negative europium anomaly, a mean elemental concentration of 0.341 ppm, La/Yb ratio 
of 0.662, La/Sm ratio of 0.857, and Sm/Yb ratio of 0.772.  Tunica Bayou and Kimball creek 
nodules have very similar trends of mean elemental concentration of 0.293 and 0.605 ppm, 
La/Yb ratio of 1.075 and 1.122, La/Sm ratio of 0.723 and 0.745, and Sm/Yb ratio of 1.487 and 
1.505, respectively.  Both have slight negative cerium abd europium anomalies.  It is possible 
that the shell and nodule specimens were not useful because they may reflect the modern 
sediment REE signature and not the original depositional environment like the bones do. 
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Figure 43.  REE profile comparison of nodules. 
For the cluster analysis only bone and dentine samples were used, and the local 
minimums using a pseudostatistic T2 graph were five and eleven clusters.  Using five clusters 
explains 87.9% of the differences between the 14 elements in 38 specimens, and was 
recommended as the best combination of percent difference and number of clusters (per. comm. 
Brian Marx of the LSU Experimental Statistics Department).  This is marked on the cluster 
analysis dendrogram (Figure 44) with the upper, blue line which bisects the tree in five places 
creating five clusters.  The other local minimum, eleven clusters, explains 97.3% of the 
differences but also creates six “clusters” that only contain one specimen.   The lower, red line 
bisects the tree in eleven places creating the eleven clusters, which separates the younger in situ 
loess Mammut material from the older material found in situ in the Pascagoula Formation at the 
TunicaHills/Kerry site on Thompson Creek.   
In situ loess specimens group tightly with some of the float specimens (Figure 44, 4B), 
which is indicated by the short vertical lines.  REE signatures of the specimens are very similar, 
which is what would be expected from a windblown silt deposit that represents an average 
continental signature.  Cluster 4B includes in situ Natchez mastodon specimens and float 
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material from Tunica Bayou, Kimball Creek, as well as both Little Bayou Sara specimens, three 
of the four Tunica Hills specimens, both Hinds County specimens, and the lone specimen from 
Vicksburg.  These specimens have La/Yb ratio of 0.801, La/Sm ratio of 0.853, and Sm/Yb ratio 
of 0.753, which are mean values for the specimens in this cluster. 
When the TH/K specimens are examined, this same tight grouping is not seen, the 
specimens are spread out in clusters 1, 3, and 4A.  This spread in signatures most likely 
represents a depositional environment that has a changing source area or one that has multiple 
sources that feed the same environment.  It is also possible that some of the specimens that came 
in with bed load began their alteration in a different depositional environment before being 
moved into the TH/K for further alteration.  Grouped with the TH/K material there are also 
multiple specimens from multiple collection sites.  Cluster 1 includes specimens from TH/K, one 
from Kimball Creek, and one from Tunica Bayou.  These specimens have La/Yb ratio of 0.899, 
La/Sm ratio of 0.844, and Sm/Yb ratio of 1.051, which are mean values for the specimens in this 
cluster.  The specimens in cluster 3 are all from TH/K, and these specimens have a mean La/Yb 
ratio of a mean 0.326, a mean La/Sm ratio of 0.768, and a mean Sm/Yb ratio of 0.455. Cluster 
4A includes specimens from TH/K, Tunica Bayou and Kimball Creek, and these specimens have 
La/Yb ratio of 0.359, La/Sm ratio of 1.091, and Sm/Yb ratio of 0.399, which are mean values for 
the specimens in this cluster.  One TH/K specimen does group in cluster 4B, but this is the tooth 
sample that was contaminated, so no conclusions can be made based on this specimen.  Cluster 2 
consists of one specimen from the Tunica Hills site, and this specimen has La/Yb ratio of 0.433, 
La/Sm ratio of 0.534, and Sm/Yb ratio of 0.812.  Cluster 2 is from the same larger group as 
cluster 1, which would suggest similarities with the specimens from the Pascagoula at the TH/K 
site, Tunica Hills, Tunica Bayou, and Kimball Creek. 
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The remaining four specimens are included in cluster 5, and all were found along Tunica 
Bayou, and these specimens have La/Yb ratio of 0.258, La/Sm ratio of 1.044, and Sm/Yb ratio of 
0.316, which are mean values for the specimens in this cluster.  Clusters 1, 2, 3, and 4 are all on 
the same large branch, but the specimens in cluster 5 are the most different and are found on a 
separate large branch.  Two specimens of Cormohipparion dentine and one specimen of 
Nannippus dentine are the most closely related and form a smaller cluster within cluster 5.  The 
only sample of Synthetoceras is also in this cluster.  Since cluster 5 is the most different, it would 
indicate that there is a source on Tunica Bayou that is either of a different age or represents a 
different depositional environment than the samples in clusters 1 through 4.  It is possible that 
none of the other creeks possess it, or just by sampling or selecting biases, none of the specimens 
analyzed from other creeks were from this other source. 
The ratio between the LREEN/MREEN (La/Sm)N and LREEN/HREEN (La/Yb)N can be 
plotted and used to aid in environmental reconstructions (Trueman et al., 2006).  Trueman et al. 
(2006) used 1770 fossils from known depositional environments to form four groups 
representing different depositional environments.  These values can be used to interpret the 
environment during the uptake of REEs (Table 5).  The majority of the samples plot in group 3 
((La/Yb)N < 1 and 0.3 < (La/Sm)N < 1.6), one plots in group 2 ((La/Yb)N > 1), and three samples 
may represent group 4 (increasing (La/Sm)N and decreasing (La/Yb)N). 
 Europium anomalies were also compared, but there were no trends.  Out of 38 bone and 
dentine specimens, 36 had negative anomalies ranging from 0.261 to 0.859.  There was no trend 
in the size of the anomaly per site or per organism.  The TH/K site values ranged from 0.477 to 
0.857.  The positive anomalies were small and found in the in situ TH/K Cormohipparion tooth, 
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and in the in situ Natchez mastodon tooth, both of these specimens corresponding to their 
respective end memebers.   
 
Figure 44. Cluster analysis of fossil bone and dentine samples. 
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Table 7. Normalized La/Sm and La/Yb ratios for paleoenvironmental interpretations 
LSUMG 
Catalog No. Locality Genus material La/Sm La/Yb 
14540 Hinds County Mammut dentine-tooth 0.9411 0.5338 
14505 Hinds County Mammut bone 0.6395 0.6989 
16950 Kimball Creek Cormohipparion  Bone  1.2895 0.2539 
16950 Kimball Creek Cormohipparion  dentine-tooth 1 1.1558 0.3212 
16899 Kimball Creek Cormohipparion  dentine-tooth 2 1.2122 0.0831 
16901 Kimball Creek Equidae bone 0.7586 0.7352 
14595 Kimball Creek Mammut bone 1.0958 0.6871 
14959 Kimball Creek Mammut dentine-tooth 0.7532 0.8474 
14011 Kimball Creek Megalonyx  dentine-tooth 1.1053 0.8822 
19443 Little Bayou Sara Equus dentine-tooth 0.6180 0.6566 
19389 Little Bayou Sara Megalonyx  bone 1.2032 0.4512 
19513 Natchez Mammut dentine-tooth 0.7627 0.9438 
19513 Natchez Mammut dentine-tusk 1.1244 0.9767 
19513 Natchez Mammut bone 0.8105 0.9378 
14148 Tunica Bayou Bonasa bone 1.0431 0.8246 
16892 Tunica Bayou Cormohipparion  bone 1 0.7180 0.7342 
16894 Tunica Bayou Cormohipparion  bone 2 0.5211 0.3013 
16889 Tunica Bayou Cormohipparion  dentine-tooth 2 0.5983 0.1875 
16890 Tunica Bayou Cormohipparion  dentine-tooth 1 0.6865 0.2131 
14121 Tunica Bayou Holmesina bone 0.8937 0.7272 
16891 Tunica Bayou Nannippus dentine-tooth 2.1394 0.2328 
14177 Tunica Bayou Smilodon bone 1.0558 0.7155 
14211 Tunica Bayou Synthetoceras bone 0.7519 0.4001 
16897 Tunica Hills Cormohipparion  dentine-tooth 0.5337 0.4333 
1640 Tunica Hills Equus dentine-tooth 0.7368 0.5374 
17071 Tunica Hills Mammut dentine-tooth 1.0744 0.6405 
14010 Tunica Hills Megalonyx  dentine-tooth 1.0725 0.9701 
17904 Tunica Hills/Kerry Astrohippus dentine-tooth 0.7113 0.3764 
17909 Tunica Hills/Kerry Cormohipparion  dentine-tooth 0.6350 0.3087 
17907 Tunica Hills/Kerry Hipparion dentine-tooth 2.0677 0.4583 
17901 Tunica Hills/Kerry Mammut dentine-tusk 1.0567 1.2285 
17901 Tunica Hills/Kerry Mammut bone 0.7749 0.5084 
17901 Tunica Hills/Kerry Mammut dentine-tooth 1.3772 0.8081 
17991 Tunica Hills/Kerry Nannippus dentine-tooth 1.0757 0.2361 
17928 Tunica Hills/Kerry Neohipparion dentine-tooth 0.5981 0.3874 
17906 Tunica Hills/Kerry Neohipparion dentine-tooth 0.8032 0.2735 
17967 Tunica Hills/Kerry Teleoceras bone 0.8180 0.3203 
14493 Vicksburg Paramylodon bone 0.9386 0.4216 
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CHAPTER 5. DISCUSSION  
5.1 Rare Earth Elements and the Depositional Environment 
 The two end members in this study, fossils from the Pascagoula Formation and the Peoria 
Loess, could be separated in a cluster analysis using REE analysis.  The loess specimens grouped 
more closely than the TH/K samples, but with the exception of the contaminated Mammut tooth, 
no TH/K samples grouped directly with the loess material.  Cluster 4 contains both Peoria Loess 
and Pascagoula Formation fossils, but they are in two distinct groups within the cluster.  The 
Pascagoula Formation material has been labeled 4A, while the loess material has been labeled 
4B.  The in situ loess specimens are in cluster 4B and have a mean La/Yb ratio of 0.801 while 
half of the TH/K specimens (10 total) are in cluster 3 which has a mean La/Yb ratio of 0.326, 
and three specimens are in cluster 4A which has a mean La/Yb ratio of 0.359.  Cluster 1 does 
contain one TH/K specimen but the La/Yb ratio is higher at 0.899.  Cluster 5 include the 
specimens that were most different according to the cluster analysis, they have the lowest La/Yb 
ratio of 0.258. 
 The most closely related specimens, by REE profiles, are the Natchez Mammut 
specimens, and the samples that cluster tightly around those specimens.  When examining figure 
44 cluster 4B, the lower, red line splits the loess-containing group from the rest of the tree.  The 
most closely related specimens include Mammut americanum, Smilodon, Megalonyx, 
Paramylodon, Bonasa, Equus, and Holmesina.  These six genera are known to exist into the late 
Pleistocene, making it possible that they also weathered out of the loess bluffs. This section does 
include two specimens of Cormohipparion dentine from Kimball Creek.  Cormohipparion is 
thought to have survived into the Plio-Pleistocene by seeking refuge in the Gulf Coast region 
(MacFadden et al., 1999), but there is no other current support for the extension of 
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Cormohipparion into the latest Pleistocene of the Gulf Coast.  It is possible that the Kimball 
Creek specimens represent an age extension that creates a range overlap with Mammut, 
Smilodon, Megalonyx, Bonasa, Equus, and Holmesina.  There is also a possibility that small 
amounts of enamel might have inadvertently been included in the initial sampling, causing the 
specimens to fall near the in situ loess material.  One example of this is the TH/K Mammut tooth 
dentine.  Visual examination of the sampling site discovered that it was contaminated with 
enamel from the same tooth, which explains why the specimen does not plot near the other TH/K 
material. 
 Cluster 4A in figure 44 includes Hipparion, Neohipparion, and Mammut specimens from 
TH/K as well as Cormohipparion samples from Kimball Creek and Tunica Bayou.  These 
specimens may represent younger TH/K specimens, but the difference in time is unknown.  
Moving to the left in figure 44 are clusters 1, 2, and 3.  These smaller clusters include the 
remaining TH/K specimens of Teleoceras, Neohipparion, Cormohipparion, Nannippus, 
Astrohippus, and Mammut.  These specimens may represent the late Miocene-early Pliocene, but 
the precise age of the TH/K site is unknown.  The grouping of float material from Kimball Creek 
and Tunica Bayou with the TH/K specimens suggests that the Pascagoula Formation is a source 
of fossils throughout the Tunica Hills. 
Cluster 5 on the far right is a greater distance apart than any of the other clusters.  The 
larger cluster contains three smaller units. The first unit has two specimens of Cormohipparion, 
the next unit has one specimen of Nannippus, and the last unit has one specimen of 
Synthetoceras.   The fossil of Synthetoceras represents the first known occurrence of the genus in 
Louisiana (per. comm., Richard Hulbert, 2010), and is only know from the Miocene of Mexico, 
Florida, Nebraska, and Texas and the late Miocene of Alabama (Hulbert and Whitmore, 2006). 
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All four specimens are from Tunica Bayou, so it is possible that Synthetoceras, Cormohipparion, 
Nannippus and some source sediments on Tunica Bayou are older than those found at the TH/K 
site, or that the specimens are from a depositional environment much different than the TH/K 
site.  According to the cluster analysis, the last three clusters have more difference from the 
TH/K site than the TH/K site has from the loess material. These specimens also have the lowest 
La/Yb ratio out of the five clusters. 
The differences seen in the anomalies and overall pattern of the REE signatures may be 
attributed to changes in sediment and water source.  The source location would be one of the 
ultimate controls on the concentration of elements in pore fluids.  The preglacial, Late Miocene 
samples may have been influenced by the ancestral Tennessee River (Isphording, 1983) and the 
Pliocene Citronelle Formation sediment source may have been from the weathering of the 
southern Appalachian Mountains (Otvos, 1999), indicted by the presence of reworked Paleozoic 
fossils from the southern Appalachians (Smith and Meylan, 1983).  This would be the 
depositional axis of the Eastern Mississippi, but by the late Pleistocene the Central Mississippi 
axis would include the Eastern and Red River axis (Galloway et al., 2000).  The Pleistocene 
material would have been more heavily influenced by sediment source from the Mississippi 
River drainage area in the center of the country (Sausier, 1994).  Late Pleistocene material, found 
in loess, would be heavily influenced by glacial weathering and meltwater creating an average 
continental signature of the Mississippi River drainage basin (Sausier, 1994).   
Plotting cerium versus praseodymium anomalies on a graph (Figure 45) makes it possible 
to determine if the cerium anomalies in the samples are real or apparent (Patrick et al, 2004).  
True cerium anomalies are those that are not affected by lanthanum concentrations and negative 
anomalies will plot greater than approximately 1.05 on the x-axis (praseodymium anomaly) and 
69 
 
less than approximately 0.95 on the y-axis (cerium anomaly) (Patrick et al., 2004).  True positive 
cerium anomalies will plot less than approximately 0.95 on the x-axis and greater than 
approximately 1.05 on the y-axis (Patrick et al., 2004).  There are two specimens that plot as true 
negative cerium anomalies and they are the Vicksburg Paramylodon tibia and the Natchez 
Mammut tusk dentine.  The other Natchez Mammut samples do not fall into this group, but they 
are close.  There are twelve specimens that plot as true positive cerium anomalies.  These include 
all ten TH/K site end members, as well as three Cormohipparion samples, one from Tunica 
Bayou and two from Kimball Creek.   
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Figure 45. Cerium versus praseodymium anomalies in the 38 samples analyzed.  Cerium 
anomaly = 2Ce/(La + Pr) and Praseodymium anomaly = 2Pr/(Ce + Nd) (after Patrick et al., 
2004). 
True cerium anomalies can be used in depositional environment reconstructions.  The 
positive cerium anomalies, present in the thirteen specimens, can estimate conditions during 
fossilization.  The fact that all of the TH/K samples, one Tunica Bayou, and two Kimball Creek 
sample all have true positive cerium anomalies indicates that specimens were probably fossilized 
under similar conditions.  This also suggests that the samples from Tunica Bayou and Kimball 
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Creek are from the Pascagoula Formation.  The combination of positive cerium anomalies and 
enrichment of heavy REEs can be seen in modern, saline lake environments that are relatively 
alkaline, oxygenated waters rich in carbonate (e.g. Martin et al., 2005; Pourret et al., 2008).  The 
cerium anomalies in the highly saline samples from the Pleistocene Fossil Lake in Oregon are 
close to five, and there is an increase in the cerium anomaly that is interpreted as an increase in 
salinity (Martin et al., 2005).  A maximum cerium anomaly of 2.66 from the TH/K site would 
indicate mild salinity.  The comparison is not to suggest a saline lake as a potential environment, 
instead it is only to indicate the presence of saline waters, which helps to support the estuarine 
environment suggested by Schiebout et al. (2006). The presence of in situ strings of carbonate, 
instead of individual, possibly reworked concretions, in the clay at the TH/K site also helps to 
support the possibility of an alkaline, saline environment.  The presence of only two true 
negative cerium anomalies, from two different sites, is not strongly indicative of any specific 
environmental conditions, but it suggests oxidizing conditions.  The remaining samples do not 
have true cerium anomalies, and therefore cannot be used in this type of depositional 
reconstruction. 
Figure 46 include a comparison of samples based on ratios of heavy and medium REEs. 
Figure 46A contains all 38 specimens and there are no obvious groups, but 46B includes the 
specimens from the Peoria Loess which group very close together.  Figure 46C represents the in 
situ Pascagoula Formation specimens from TH/K.  Seven of the specimens plot in the bottom, 
left-hand corner, but there are 3 specimens that do not plot with the concentration of TH/K 
specimens.  Figure 46D compares all of the float material and there appear to be an upper and 
lower group for both Tunica Bayou (green) and Kimball Creek (red).  The Tunica Hills site 
specimens fall between the two and into the upper group.  The other sites have only a couple of 
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samples which fall in the center, but there is not enough data to make conclusions.  The triangle 
in graph D surrounds the specimens that group around the in situ loess specimens in cluster 4B.  
Only two in situ TH/K specimens fall within this triangle, and the specimens that group around 
the TH/K specimens in the cluster analysis fall above or below the triangle. 
Environmental interpretations using the ratio between heavy REEs (y axis) and medium 
REEs (x axis) are based on four groups from Trueman et al. (2006).  The specimens plotted in 
groups 2, 3, and 4, (Figure 46) but no specimens fell into group 1 which represents “late 
diagenetic recrystallization of apatite (Trueman et al., 2006).”  One TH/K site specimen plotted 
in group 2 which represents environments such as shallow marine or terrestrial with strong eolian 
influences (Trueman et al., 2006).  This specimen is from TH/K site Mammut tusk material.  
Three specimens plotted in group 4 which indicates terrestrial or marine, but these specimens 
tend to come from sites that have great variability (Trueman et al., 2006) such as the source of 
water, sediment, and bones.  Cormohipparion from Kimball Creek, Nannippus from Tunica 
Bayou, and Hipparion from the TH/K site all plot within group 4, but these three specimens do 
not plot together on the cluster analysis tree.  Specimens from group 4 may not represent the 
same depositional event, but similar conditions.   
The majority of bone and dentine specimens, 34, plot in group 3 which represents 
specimens fossilized in terrestrial sediment or stream environments (Trueman et al., 2006).  The 
fact that so few specimens plot in group 2 is interesting because the depositional environment for 
the TH/K site is thought to be an estuary type environment (Schiebout et al., 2006).  The fossils 
brought into the environment may represent specimens moved in as either bed load or partial, 
bloated carcasses that eventually settled in the environment.  The “bloat and float” option may be 
the best explanation for the Mammut and Teleoceras material found at the TH/K site, but the 
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specimens do not belong to full skeletons, indicating other processes may have been involved.  
Also, each individual fossil may have a different taphonomic history, but individual teeth and 
small jaw fragments may have been bed load.  The specimens do have positive cerium anomalies 
and enrichment of heavy REEs, despite where they plot on the figure from Trueman et al. 
(2006); it is possible that the site represented rapid burial, which would cause the fossils to 
uptake the REE signature of the terrestrial sediments carried into the environment instead of the 
estuary water signature (Trueman et al., 2006).   
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The differences in the REE patterns of the shell material may be useful when 
differentiating between shell specimens from the loess and other formations seen along the 
creeks within the Tunica Hills for closer examination of the exposed formations.  Based on the 
results, it may also be possible to identify Pascagoula Formation shell samples based on overall 
greater elemental concentrations.  However, there are no shell samples taken from the TH/K site.  
If samples could be found and compared to those on Kimball Creek and Tunica Bayou, it could 
help provide a better understanding of the correlation of sediments on the creeks of interest.  
Overall, the shell material is not a good proxy for comparison with the bone and dentine 
specimens. 
5.2 Paleoenvironmental interpretations 
 Previously published literature on preferred habitats was used to estimate possible 
environmental conditions for the animals related to the two end members, Pascagoula Formation 
and Peoria Loess, in the cluster analysis. 
Possible mid- to late-Pleistocene organisms include Mammut americanum, Smilodon, 
Megalonyx, Paramylodon, Bonasa, Equus, and Holmesina.  Mammut americanum is interpreted 
as living in a forested environment, possibly with standing water (e.g. Koch et al., 1998; Hanes 
and Klimowicz, 2003; Feranec, 2004), and relied on woody material and fruits, often from 
spruce and pine, as a source of nutrition (Green et al., 2005).   Paramylodon is interpreted as a 
mixed feeder (Russell, 2009) that may have lived in forested areas with marshes or ponds 
dominated by oaks and conifers (McDonald et al., 2004) with nearby savannahs much like the 
tropical grasslands of northern South America (Mead et al., 2006). Holmesina may have fed on 
small shrubs and lived in, or near, seasonally dry forests (Mead et al., 2006) or savannahs 
(Rincon et al., 2008).  The presence of both ground sloths and Holmesina indicates that the 
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winters were probably mild (Hibbard et al., 1978).  Cormohipparion can be a browser (Wang et 
al., 1994) or a mixed feeder (MacFadden, 2008), and Equus is a pure C4 grazer indicating the 
presence of grasslands (Wang et al., 1994; Russell, 2009).   Bonasa is the only non-reintroduced, 
extant genus represented in the specimens.  The modern range of Bonasa umbellus includes the 
Great Lakes region north into Canada, northern California into Alaska, and northern Georgia into 
Labrador (Furtman, 1999).  The southern ranges are along the Appalachian Mountains (Furtman, 
1999).  The combination of these organisms indicates a forest environment with standing water 
and abundant C4 grasslands nearby.  The variety of environments possible for the specimens that 
group around the in situ loess represent age differences.   
These organisms may also represent different stages of climatic conditions caused by the 
repeated build up, and melting, of glaciers in the northern parts of North America.  Support for 
this may be seen with the presence of both Mammut americanum and Holmesina.  Without the 
presence of additional cold tolerant species, the animals analyzed do not support the hypothesis 
that the Tunica Hills region had environmental conditions like the modern Great Lakes region 
during the late Pleistocene.  The presence of Mammut, Paramylodon, Megalonyx, and Bonasa 
support a forested environment, possibly similar to those seen along the modern Appalachian 
Mountains.   
 The next group includes Hipparion, Neohipparion, and Mammut cf M. matthewi, 
previously known as Pliomastodon, specimens from the TH/K site as well as Cormohipparion 
specimens from Kimball Creek and Tunica Bayou.  These specimens likely represent a time 
period in the latest Miocene and earliest Pliocene.  Mammut cf M. matthewi was a browser that 
fed on softer leaves, twigs, and fruits (Lambert and Shoshani, 1998).  Neohipparion is a C4 
grazer (MacFadden, 2008), and Cormohipparion can be a mixed feeder (MacFadden, 2008) or a 
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browser (Wang et al., 1994).  The presence of high-crowned horse teeth, such as those from 
Cormohipparion emsliei and Nannippus aztecus, indicate that there was probably a savannah-
like environment close by (Manning and MacFadden, 1989).  These genera indicate the presence 
of both forested and grass-dominated environments, which may have been similar to the 
environment of Fort Polk in western Louisiana during the middle Miocene (Schiebout et al., 
1996).  
These smaller clusters to the far left include Teleoceras, Neohipparion, Cormohipparion, 
Nannippus, Astrohippus, and Mammut specimens.  Nannippus and Neohipparion are C4 grazers 
(Wang et al., 1994; MacFadden, 2008) while Cormohipparion can be a mixed feeder 
(MacFadden, 2008) or a browser (Wang et al., 1994).  Astrohippus is a browser (MacFadden, 
2008) as is Mammut cf M. matthewi (Lambert and Shoshani, 1998).  Teleoceras teeth indicate a 
diet dominated by C3 plants (Voorhies and Thomason, 1979) prior to the spread of C4 grasses, 
but the geochemistry of Teleoceras specimens found in Florida indicate a dominance of C4 
grasses, with some C3 input, after the spread of C4 grasses (MacFadden, 1998).  These organisms 
indicate an environment of both C3 plants and C4 grasslands (Manning and MacFadden, 1989).  
The last cluster includes Cormohipparion, Nannippus, and Synthetoceras from Tunica 
Bayou.  Cormohipparion can still be a browser (Wang et al., 1994) or a mixed feeder 
(MacFadden, 2008), but Nannippus is a C4 grazer.  Synthetoceras has been interpreted as a 
grazer based on the shape of the premaxilla (Solounius and Moelleken, 1993).  Based on the 
presence of high crowned teeth in Cormohipparion and Nannippus (Manning and MacFadden, 
1989) and Synthetoceras, the environment was probably dominated by C4 grasses with a minor 
amount of C3 vegetation present. 
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Even with the help of the cluster analysis, it is not possible to make interpretations about 
the faunal composition of the Pliocene and early-mid Pleistocene, represented by deposits 
mapped as undifferentiated deposits.  This also means that it is not possible to interpret the 
paleoenvironment based on the fauna for that time. The sample sizes, as well as possible 
stratigraphic sampling biases, affect the detailed analysis of possible paleoenvironments.   
Interpretations presented in this section may be affected by a variety of errors, biases, and 
assumptions.  Both dentine and enamel were incorporated into a sample that was only supposed 
to contain dentine.  While it is only strongly evident in one sample, there may be additional small 
scale incorporation of enamels from some of the small teeth.  Although on a large scale it is very 
unlikely, the sampling and preparation of samples at ALS Laboratory may have introduced 
sampling error. 
 Additional sources of error include sampling biases.  Only specimens that have been 
preserved and exposed can be available for study.  In addition to this, the creeks may have 
sampled sediments that are currently not exposed.  Next, the selection of specimens for study 
from the museum collections may have affected the outcome, especially with 
paleoenvironmental interpretations.  Specimens were first picked based on locality, but not all 
specimens in collections were analyzed and no one genus was found on all creeks of interest.  
This may have inadvertently led to exclusion biases by not including certain genera or species.  
Future research should include animals or specimens that were not covered in this study, and the 
conclusions may be different. 
 Rare earth element analysis requires assumptions to be made when using the results of 
the study.  One important assumption is that the REE uptake is completed within the first 10,000 
to 30,000 years and that reprecipitated authogenic carbonate has closed the bone or dentine pore 
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space. One possible problem with the second portion is that the loess material is 22,000-24,000 
years old or less which means the specimens may not have had enough time to complete the 
uptake of REEs, but the specimens did still group in the cluster analysis.  Another assumption is 
that the reprecipitated carbonate sets the REE signature and does not allow for elemental changes 
despite environmental changes.  Despite concentration differences due to crystal size in bone and 
dentine, it is assumed that REEs are incorporated in the same ratios in both bone and dentine.   
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CHAPTER 6. CONCLUSIONS 
The Tunica Hills region has been poorly understood with respect to the age, source, and 
ecology of vertebrate fossils found as float, which applies to almost all of the region’s fossils.  
While not every problem in the Tunica Hills has been answered, the REE analysis and associated 
research from this study has clarified habitats and sources of sediments. 
The late Miocene Pascagoula Formation in not currently found on the Louisiana geologic 
maps of the area, but is mapped as exposed in creek beds on adjacent maps of Mississippi.  
Examination of the formations along, and in, the channels of Tunica Bayou, Kimball Creek, 
Little Bayou Sara, and Thompson Creek in Louisiana revealed Pascagoula Formation outcrops.  
The presence of float fossil material from Tunica Bayou and Kimball Creek that grouped around 
the TH/K site in situ fossils supports the hypothesis that the Pascagoula Formation can be a 
source of fossils throughout the Tunica Hills region.  This means the float fossils in collections 
can no longer be assigned the age of Pleistocene arbitrarily. 
A comparison of Ce and Pr anomalies indicates that the majority of the Tunica Hills 
samples do not have “true” Ce anomalies.  Despite this, the result of the comparison did indicate 
that the TH/K, Tunica Bayou, and Kimball Creek material, which plots together on the cluster 
analysis, had true positive anomalies.  This is another line of evidence that supports the 
hypothesis that the Pascagoula Formation is a source of fossils throughout the region. 
In situ Pascagoula Formation fossils from the TH/K site and in situ Peoria Loess fossils 
in the Tunica Hills region have distinctive REE signatures, which are also seen in some of the 
float fossils.  Cluster analysis provided additional strong support for the association of these 
fossil groups, which made it possible to sharpen interpretations about the environment during the 
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life and deposition of the fossils that grouped around the in situ Peoria Loess and Pascagoula 
Formation fossils.   
The TH/K site represents a mildly saline environment based on the elemental profiles, 
which supports the assignment of an estuarine environment by Schiebout et al. (2006).  On the 
basis of environmental preferences of the animals, assembled from the literature, those clustered 
on REE signatures suggest a grasslands environment with C3 plants present during the interval 
of time encompassed by the TH/K site, latest Miocene or early Pliocene.   The specimens that 
grouped around the in situ Peoria loess material were used, along with current environmental 
preferences from the literature, to interpret environmental conditions present during the late 
Pleistocene.  The environmental preferences of the majority of the specimens in the cluster 
indicate that late Pleistocene environments included forested areas that may have been like the 
modern southern Appalachian Mountains, but with C4 grasses available for grazing. 
The analysis, and reidentification, of specimens provided the first occurrence of 
Synthetoceras in Louisiana, helping to fill the occurrence gap of this genus between Texas and 
Alabama.  The cluster analysis also indicated a possible age extension for Cormohipparion 
emsliei into the late Pleistocene.  Additional research needs to be done to see if other 
Cormohipparion emsliei samples also show this extension. 
The results of the overall REE analysis also indicate a visible change in pattern, which 
may be attributed to the change in the location of the source material.  The Pascagoula Formation 
and Citronelle Formations, which is exposed outside the study area but may be reworked in the 
intermediate beds or exposed in currently covered creek banks or bottoms, had a probable source 
area of the southern Appalachian Mountains.  Intermediate beds may represent the overall 
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drainage of the Mississippi River, and the late Pleistocene loess represents the average 
continental crust signature of the Mississippi River drainage basin.   
Many debates about the beds between the Pascagoula Formation and Peoria loess, often 
mapped as undifferentiated Pleistocene deposits, remain.  REE analysis did not provide 
sufficiently strong support for separation of these intermediate beds into different ages, but this 
could indicate that material was deposited under periods with similar chemical signatures in very 
similar depositional environments.  For example, the Citronelle Formation is not mapped in the 
Tunica Hills are, but gravels which may be reworked Citronelle Formation occur in the 
intermediate beds.   
Greater resolution of relative dating using REEs in the Tunica Hills region requires 
stronger stratigraphic control.  More research on the exposed intermediate sediments, and finding 
additional in situ fossils would be very helpful.  Specimens that have well defined stratigraphic 
information, between the loess and Pascagoula Formation, also need to be added to provide 
stratigraphic control for beds, but after 40 years of intense collect no in situ specimens have been 
found.  To increase the accuracy of the paleoenvironmental and depositional reconstructions, 
additional proxies, such as carbon and oxygen isotopes, heavy minerals, and 
magnetostratigraphy, could be used. 
The use of shell material and carbonate nodules may be useful for differentiating deposits 
using REEs, but they do not compare well with the bone and dentine material in this study.  The 
lack of in situ specimens, poor comparison of REE profiles between vertebrate remains, shells 
and nodules, and debates over the age of the intermediate beds reduced stratigraphic control.  
Despite the need for additional in situ specimens there have been very few new in situ 
discoveries over the long period of mapping and fossil collecting in the region.  With the help of 
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new tools like REE analysis, improvements were made to help understand the paleoenvironment 
and depositional history of the Tunica Hills region.  The conclusions of this research are one step 
towards a better understanding of the central Gulf Coast’s geology, vertebrate paleontology, and 
paleoecology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
82 
 
REFERENCES 
ARONOW, S. 2000. Geomorphology and surface geology of Harris County and adjacent parts of 
Brazoria, Fort Bend, Liberty, Montgomery, and Waller Counties, Texas. Unpublished 
manuscript. Dept. of Geology, Lamar University, Beaumont, Texas. 
AUBERT, D., PROBST, A., AND STILLE, P., 2004, Distribution and origin of major and trace 
elements (particularly REE, U and Th) into labile and residual phases in an acid soil 
profile (Vosges Mountains, France). Applied Geochemistry, 19: 899-916. 
BROWN, C.A., 1938, The flora of Pleistocene deposits in the western Florida Parishes, West 
Feliciana, and East Baton Rouge, Louisiana.  Louisiana Geological Society Bulletin 12: 
59-96. 
CARLSTON, C. W. 1951. Profile sections in Citronelle Formation in southwestern Alabama. 
American Association of Petroleum Geologists Bulletin, 35(8): 1888-1892. 
CHANDLER, R. M. 1998. Fossil birds of the Tunica Hills and first record of ruffed grouse 
(Bonasa umbellus) for Louisiana. Current Research in the Pleistocene, 15: 103-104. 
CLEMENTZ, M.T., HOLROYD, P.A., AND KOCH, P.L., 2008, Identifying aquatic habitats of 
habitats of herbivorous mammals through stable isotope analysis. PALAIOS, 23: 574-
585. 
CUREAU, S. A., J. O. SNOWDEN, AND J. B. RUCKER. 1991. Sediment distribution of the 
Prairie Terrace in the Florida Parishes, Louisiana. Gulf Coast Association of Geological 
Societies Transactions, 41: 133-141. 
DOERING, J.A., 1935, Post-Fleming surface formations of coastal southeast Texas and south 
Louisiana. American Association of Petroleum Geologists Bulletin, 19: 651-688. 
DOERING, J.A., l956, Review of Quaternary formations of Gulf coast region: American 
Association of Petroleum Geologists Bulletin, 40: l8l6-l862. 
DOERING, J. A., 1958, Citronelle age problem: American Association of Petroleum Geologists 
Bulletin, 42: 764-786. 
ELDERFIELD, H., AND SHOLKOVITZ, E.R., 1987. Rare earth elements in the pore waters of 
reducing nearshore sediments. Earth and Planetary Science Letters, 82: 280-288. 
 
ELDERFIELD, H., UPSTILL-GODDARD, R., AND SHOLKOVITZ, E.R., 1990. The rare earth 
elements in rivers, estuaries, and coastal seas and their significance to the composition of 
ocean waters. Geochimica et Cosmochimica Acta, 54: 971-991. 
 
83 
 
ENGSTROM, E., STENBERG, A., SENIOUKH, S., EDELBRO, R., BAXTER, D.C., AND 
RODUSHKIN, I., 2004. Multi-elemental characterization of soft biological tissues by 
inductively coupled plasma-sector field mass spectrometry. Analytica Chimica Acta, 521: 
123-135. 
FERANEC, R.S., 2004, Isotopic evidence of saber-tooth development, growth rate, and diet 
from the adult canine of Smilodon fatalis from Rancho La Brea. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 206: 303-310. 
FISK, H. N. 1938. Pleistocene exposures in western Florida Parishes, Louisiana. Louisiana 
Geological Survey, Geological Bulletin 12: 3-25. 
FISK, H. N., 1940, Geology of Avoyelles and Rapides Parishes: Louisiana Geological Survey, 
Geological Bulletin 18: 1-240.  
FISK, H. N., 1944, Geologic investigations of the alluvial valley of the lower Mississippi River: 
Vicksburg, Mississippi River Commission: 1-78. 
FURTMAN, M., 1999, Ruffed Grouse: Woodland Drummer. Mechanicsburg, Pennsylvania: 
Stackpole Books, 144 pp. 
GALLOWAY, W.E., GANEY-CURRY, P.E., LI, XIANG, BUFFLER, R.T., 2000, Cenozoic 
depositional history of the Gulf of Mexico basin.  American Association of Petroleum 
Geologists Bulletin, 84 (11): 1743-1774. 
GILBERT, B.M., 1980, Mammalian Osteology. Laramie, Wyoming: Modern Printing Company, 
428 pp. 
GIVENS, C. R., AND F. M. GIVENS. 1987. Age and significance of fossil White Spruce (Picea 
glauca) Tunica Hill, Louisiana-Mississippi. Quaternary Research, 27: 283-296. 
GREEN, J.L., SEMPREBON, G.M., AND SOLOUNIAS, N., 2005, Reconstruction the paleodiet 
of Florida Mammut americanum via low-magnification stereomicroscopy. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 223: 34-48. 
GROAT, C.J., SNEAD, J.I., AND MCCULLOH, R.P., 1984, Geologic Map of Louisiana. 
Louisiana Geologic Survey/Williams & Heintz Map Corporation. Capitol Heights, 
Maryland, scale 1:500,000. 
HAYNES, G. & KLIMOWICZ, J., 2003. Mammoth (Mammuthus spp.) and American mastodont 
(Mammut americanum) bonesites: what do the differences mean? Deinsea 9: 185–204. 
 
HIBBARD, C.W., ZAKRZEWSKI, R.J., ESHELMAN, R.E., EDMUND, G., GRIGGS, C.D., 
AND GRIGGS, C., 1978, Mammals from the Kanopolis local fauna, Pleistocene 
84 
 
(Yarmouth) of Ellsworth County, Kansas. Contributions from the Museum of 
Paleontology, The University of Michigan, 25 (2): 11-44. 
HULBERT, JR., R.C., 1987, A new Cormohipparion (Mammalia, Equidae) from the Pliocene 
(latest Hemphillian and Blancan) of Florida. Journal of Vertebrate Paleontology 7: 451–
468. 
 
HULBERT, JR., R.C., AND WHITMORE, JR., F.C., 2006, Late Miocene mammals from the 
Mauville local fauna, Alabama. Florida Museum of Natural History Bulletin, 46 (1): 1-
28. 
ICP-SFMS, 2010, ALS Laboratory Group. 
http://www.analytica.se/hem2005/eng/company/teknik_icpsfms.asp 
 
ISPHORDING, W.C., 1983, Interpretive mineralogy: Examples from Miocene coastal plain 
sediments. Gulf Coast Association of Geological Societies Transactions. 33: 295-305. 
ISPHORDING, W. C., and LAMB, G. M., 1971, Age and origin of the Citronelle Formation in 
Alabama: Geological Society of America Bulletin, 82: 775-780. 
JACKSON, S. T., AND C. R. GIVENS. 1994. Late Wisconsinan vegetation and environment of 
the Tunica Hills Region, Louisiana/Mississippi. Quaternary Research, 41: 316-325. 
KEMP, R.A. AMD TRUEMAN, C.N., 2002, Rare earth elements in Solnhofen biogenic apatite: 
geochemical clues to the palaeoenvironment. Sedimentary Geology. 155: 109-127. 
 
KOCH, P.L., HOPPE, K.A., WEBB, S.D., 1998. The isotopic ecology of late Pleistocene 
mammals in North America: Part 1, Florida. Chemical Geology, 152: 119– 138. 
 
LABS-HOCHSTEIN, J., MACFADDEN, B.J., 2006, Quantification of diagenesis in Cenozoic 
sharks: Elemental and mineralogical changes. Geochimica et Cosmochimica Acta. 70: 
4921-4932. 
 
LAMBERT, W. D. 2007. New tetralophodont gomphothere material from Nebraska and its 
implications for the status of North American Tetralophodon. Journal of Vertebrate 
Paleontology, 27(3): 676-682. 
LAMBERT, W. D., and SHOSHANI, J.. 1998. Proboscidea. Pp. 606-622 in C. Janis, K. Scott, & 
L. Jacobs, eds. Evolution of Tertiary Mammals of North America. Cambridge University 
Press, New York. 
LANDRY, JR., S.O., 1958, The function of the entepicondylar foramen in mammals. American 
Midland Naturalist, 60 (1): 100–112 
 
LAWRENCE, M.G. AND KAMBER, B.S., 2006, The behavior of the rare earth elements during 
estuarine mixing-revisited. Marine Chemistry. 100: 147-161. 
85 
 
LULL, R.S., 1915, A Pleistocene ground sloth, Mylodon harlani, from Rock Creek, Texas. 
American Journal of Science, 39 (232): 327-385. 
MACFADDEN, B.J., 1984, Systematics and phylogeny of Hipparion, Neohipparion, Nannippus, 
and Cormohipparion (Mammalia, Equidae) from the Miocene and Pliocene of the New 
World. Bulletin of the American Museum of Natural History 179: 1–196. 
 
MACFADDEN, B.J., 2008, Geographic variation in diets of ancient populations of 5-million-
year-old (early Pliocene) horses from southern North America. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 266: 83-94. 
MACFADDEN, B.J., 1998, Tale of two rhinos: isotopic ecology, paleodiet, and niche 
differentiation of Aphelops and Teleoceras from the Florida Neogene. Paleobiology, 24 
(2): 274-286. 
MACFADDEN, B. J., AND R. C. HULBERT JR. 2009. Calibration of mammoth (Mammuthus) 
dispersal into North America using rare earth elements of Plio-Pleistocene mammals 
from Florida. Quaternary Research, 71(1): 41-48. 
 
MACFADDEN, B. J., J. LABS-HOCHSTEIN, R. C. HULBERT JR, AND J. A. BASKIN. 2007. 
Revised age of the late Neogene terror bird (Titanis) in North American during the Great 
American Interchange. Geology, 35(2): 123-126. 
 
MACFADDEN, B. J., N. SOLOUNIAS, AND E. CERLING. 1999. Ancient diets, ecology, and 
extinction of 5-million-year-old horsed from Florida. American Association for the 
Advancement of Science, 283(5403): 824-827. 
MANNING, E.M. AND MACFADDEN, B.J., 1989, Pliocene three-toed horses from Louisiana, 
with comments on the Citronelle Formation. Tulane Studies in Geology, 22: 35-46. 
 
MARTIN, J.E., PATRICK, D., KIHM, A.J., FOIT, JR., F.F., GRANDSTAFF, D.E., 2005, 
Lithostratigraphy, tephrochronology, and rare earth element geochemistry of fossils at the 
classical Pleistocene Fossil Lake area, south central Oregon. Journal of Geology, 113: 
139-155. 
 
MATSON, G.E., 1916, The Pliocene Citronelle Formation of the Gulf Coastal Plain. U.S. 
Geological Survey Professional Paper 98-L: 167-192. 
MAXWELL, R. W. 1971. Origin and chronology of Alabama river terraces. Gulf Coast 
Association of Geological Societies Transactions, 21: 83-95. 
MAY, J. 1981. The updip limit of Miocene sediments in Mississippi. Abstract Geological 
Society of America, Southeastern section, Hattiesburg, Mississippi: 29. 
86 
 
MCDONALD, H. G., AGENBROAD, L. D.  AND HADEN, C. M., 2004. Late Pleistocene 
mylodont sloth Paramylodon harlani (Mammalia: Xenarthra) from Arizona. The 
Southwestern Naturalist, 49(2): 229-238. 
MCDONALD, H.G., HARINGTON, C.R. AND DEIULIIS, G., 2000, The ground sloth 
Megalonyx from Pleistocene deposits of the Old Crow Basin, Yukon, Canada. Arctic, 
53(3): 213-220. 
MCLENNAN, S. 1989. Rare Earth Elements in sedimentary rocks: influence of provenience and 
sedimentary processes. Geochemistry and Mineralogy of Rare Earth Elements. Reviews 
in Mineralogy 21: 169–200. 
 
MEAD, J.I., BAEZ, A., SWIFT, S.L., CARPENTER, M.C., HOLLENSHEAD, M., 
CZAPLEWSKI, N.J., STEADMAN, D.W., BRIGHT, J., AND ARROYO-CABRALES, 
J., 2006, Tropical marsh and savanna of the late Pleistocene in northeastern Sonora, 
Mexico. The Southwestern Naturalist, 51 (2): 226-239. 
METZGER, C.A., TERRY, JR., D.O., AND GRANDSTAFF, D.E., 2004, Effect of paleosol 
formation on rare earth element signatures in fossil bone. Geology, 32 (6): 497-500. 
MOORE, W.H. AND BICKER, JR., A.R., 1969, Geologic map of Mississippi. Mississippi 
Geologic Survey/Mercury Maps Inc., Jackson, Mississippi, scale 1:500,000. 
OTVOS, E.G., 1973, Geology of the Mississippi-Alabama coastal area and nearshore zone. New 
Orleans Geological Society, 1973 Spring Field Trip Guidebook: 1-67. 
 
OTVOS, E. G. 1998. Citronelle Formation, northeastern Gulf Coastal Plain: Pliocene 
stratigraphic framework and age issues. Gulf Coast Association of Geological Societies 
Transactions, 68: 321-333. 
 
OTVOS, E. G. 2004. Lithofacies and depositional environments of the Pliocene Citronelle 
Formation, Gulf of Mexico Coastal Plain. Southeastern Geology, 43(1): 1-20. 
 
PALEOBIOLOGY DATABASE, 2010, http://www.paleodb.org/cgi-bin/bridge.pl . 
 
PATRICK, D., MARTIN, J.E., PARRIS, D.C. AND GRANDSTAFF, D.E. 2004. 
Paleoenvironmental interpretations of rare earth element signatures in mosasaurs 
(Reptilia) from the upper Cretaceous Pierre Shale, central South Dakota, USA. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 212(3-4): 277-294. 
 
PATTON, T.H. AND TAYLOR, B.E., 1971, The Synthetoceratinae (MAMMALIA, 
TYLOPODA, PROTOCERATIDAE).  Bulletin of the American Museum of Natural 
History, 145 (2): 119-218. 
 
POURRET, O., DAVRANCHE, M., GRUAU, G., DIA, A., 2008, New insights into cerium 
anomalies in organic rich alkaline water. Chemical Geology, 251: 120-127. 
87 
 
PROTHRO, D.R., 1998, Rinocerotidae. in Janis, C.M., Scott, K.M., and Jacobs, L.L, eds. 
Evolution of Tertiary Mammals of North America. Cambridge: Cambridge University 
Press., 691 pp. 
PROTHRO, D.R., 2005, The Evolution of North American Rhinoceroses. Cambridge: 
Cambridge University Press, 218 pp. 
PYE, K. AND JOHNSON, R., 1988, Stratigraphy geochemistry, and thermoluminescence ages 
of lower Mississippi Valley loess. Earth Surface Processes and Landforms, 13: 103-124. 
RINCON, A.D., WHITE, R.S., MCDONALD, H.G., 2008, Late Pleistocene cingulates 
(MAMMALIA: XENARTHRA) from Mene de Inciarte tar pits, Sierra de Perija, western 
Venezuela. Journal of Vertebrate Paleontology, 28 (1): 197-207. 
RODUSHKIN, I., NORDLUND, P., ENGSTROM, E., AND BAXTER, D.C., 2005. Improved 
multi-elemental analyses by inductively coupled plasma-sector field mass spectrometry 
through methane addition to the plasma. Journal of Analytical Atomic Spectrometry, 20: 
1250-1255. 
ROMESBURG, C., 1990, Cluster Analysis for Researchers. Malabar, FL: Robert E. Krieger 
Publishing Company: 334 pp. 
ROY, C. J. 1939. Type locality of Citronelle Formation, Alabama. American Association of 
Petroleum Geologists Bulletin, 41: 742-757. 
RUSSELL, D.A., RICH, F.J., SCHNEIDER, V., LYNCH-STIEGLITZ, J., 2009, A warm 
thermal enclave in the late Pleistocene of the southeastern United States. Biological 
Reviews, 85: 173-202. 
SAUCIER, R. T. 1994. Geomorphology and Quaternary Geologic History of the Lower 
Mississippi Valley. US Army Corps of Engineers, Mississippi River Commission. 1: 
131-136. 
 
SCHIEBOUT, J.A., JONES, M.H., WRENN, J.H., AHARON, P.R., 1996, Age of the Fort Polk, 
Louisiana, Miocene terrestrial vertebrate sites. Gulf Coast Association Geological 
Society Transaction, 46: 373-378. 
 
 SCHIEBOUT, J.A., 1997, Paleofaunal survey, collecting, processing, and documentation at two 
locations on Fort Polk, Louisiana.  US Army Corps of Engineers: 1-92 
 
SCHIEBOUT, J.A., WRENN, J.H., TING, S., HILL, J.L., HAGGE, M.D., WILLIAMS, M.J., 
BOARDMAN, G.S., ELLWOOD, B.B., 2006, Miocene vertebrate fossils recovered from 
the Pascagoula Formation in southeastern Louisiana. Gulf Coast Association Geological 
Society Transaction 56: 745-760.  
 
88 
 
SCHUBERT, B. W., GRAHAM, R.W., MCDONALD, H.G., GRIMM, E.C., STAFFORD, Jr., 
T.W., 2004. Latest Pleistocene paleoecology of Jefferson's ground sloth (Megalonyx 
jeffersonii) and elk-moose (Cervalces scotti) in northern Illinois. Quaternary Research, 
61: 231-240. 
 
SELF, R. P. 1986. Depositional environments and gravel distribution in the Plio-Pleistocene 
Citronelle Formations of southeastern Louisiana. Gulf Coast Association of Geological 
Societies Transactions, 36: 561-573. 
 
SMITH, M. L., and MEYLAN, M., 1983, Red Bluff, Marion County, Mississippi: a Citronelle 
braided stream deposit: Gulf Coast Association of Geological Societies Transactions, 33: 
419-432. 
 
SOLOUNIAS, N. and MOELLEKEN, M.C., 1993. Dietary adaptation of some extinct ruminants 
determined by premaxillary shape. Journal of Mammalogy 74: 1059–1074. 
 
STRINGFIELD, V. T., AND P. E. LAMOREAUX. 1957. Age of Citronelle Formation in Gulf 
Coastal Plain. American Association of Petroleum Geologists Bulletin, 41(4): 742-757. 
 
STULTS, D. Z., B. J. AXSMITH, AND D. HAYWICK. 2002. Evidence of Carpinus 
(Betulaceae) in the Late Tertiary (Pliocene) of Alabama. Journal of Botany, 89(9): 1547-
1549. 
 
TRUEMAN, C. N. 1999. Rare earth element geochemistry and taphonomy of terrestrial 
vertebrate assemblages. PALAIOS, 14: 555-568. 
 
TRUEMAN, C. N., A. K. BEHRENSMEYER, R. POTTS, AND N. TUROSS. 2006. High-
resolution records of location and stratigraphic provenance from the rare earth element 
composition of fossil bones. Geochimica et Cosmochimica Acta, 70(17): 4343-4355. 
 
TRUEMAN, C. N., AND M. J. BENTON. 1997. A geochemical method to trace the taphonomic 
history of reworked bones in sedimentary settings. Geology, 25(3): 263-266. 
VOORHIES, M. R. 1970. Sampling difficulties in reconstructing late Tertiary mammalian 
communities. Proceedings of the North American Paleontology Convention, 1: 454-468.  
VOORHIES, M.R. AND THOMASSON, J.R., 1979, Fossil grass Anthoecia within Miocene 
rhinoceros skeletons: diet in an extinct species. Sciences, 206 (4416): 331-333. 
WANG, Y., CERLING, T. E., AND MACFADDEN, B. J., 1994. Fossil horses and carbon 
isotopes: new evidence for Cenozoic dietary, habitat, and ecosystem changes in North 
America. Palaeogeography, Palaeoclimatology, Palaeoecolog, 107: 269–279. 
WILLIAMS, C.T., HENDERSON, P., MARLOW, C.A., AND MOLLESON, T.I., 1997, The 
environment of deposition indicated by the distribution of rare earth elements in fossil 
bones from Olduvai Gorge, Tanzania. Applied Geochemistry, 12 (4): 537-547 
 
89 
 
APPENDIX: SPECIMEN IDS AND LOCALITY INFORMATION 
LSUMG 
Catalog No. Locality Genus Material Cluster label 
14540 Hinds County, MS Mammut dentine-tooth HC_masto_tooth 
14505 Hinds County, MS Mammut bone HC_masto_bone 
16901 Kimball Creek Equidae bone KC_Cormo_bone_1 
16950 Kimball Creek Cormohipparion  bone KC_Cormo_bone_2 
16950 Kimball Creek Cormohipparion  dentine-tooth KC_Cormo_dentine_1 
16899 Kimball Creek Cormohipparion  dentine-tooth KC_Cormo_dentine_2 
14595 Kimball Creek Mammut bone KC_masto_bone 
14959 Kimball Creek Mammut dentine-tooth KC_masto_tooth 
14011 Kimball Creek Megalonyx  dentine-tooth KC_Mega_dentine 
19443 Little Bayou Sara Equus dentine-tooth LBS_Equ_dentine 
19389 Little Bayou Sara Megalonyx  bone LBS_mega_bone 
19513 Natchez, MS Mammut dentine-tooth Nat_masto_tooth 
19513 Natchez, MS Mammut dentine-tusk Nat_masto_tusk 
19513 Natchez, MS Mammut bone Nat_masto_bone 
14148 Tunica Bayou Bonsas bone TB_Grouse_bone 
16892 Tunica Bayou Cormohipparion  bone TB_Cormo_bone_1 
16894 Tunica Bayou Cormohipparion  bone TB_Cormo_bone_2 
16889 Tunica Bayou Cormohipparion  dentine-tooth TB_Cormo_dentine_1 
16890 Tunica Bayou Cormohipparion  dentine-tooth TB_Cormo_dentine_2 
14121 Tunica Bayou Holmesina bone TB_Dasypus_bone 
16891 Tunica Bayou Nannippus dentine-tooth TB_Nan_dentine 
14177 Tunica Bayou Smilodon bone TB_US_lion_bone 
14211 Tunica Bayou Synthetoceras bone TB_lama_bone 
16897 Tunica Hills Cormohipparion  dentine-tooth TH_Cormo_dentine 
1640 Tunica Hills Equus dentine-tooth TH_Equ_dentine 
17071 Tunica Hills Mammut dentine-tooth TH_mastodon 
14010 Tunica Hills Megalonyx  dentine-tooth TH_mega_tooth 
17904 Tunica Hills/Kerry Astrohippus dentine-tooth TC_Astro_dentine 
17909 Tunica Hills/Kerry Cormohipparion  dentine-tooth TC_Cormo_dentine 
17907 Tunica Hills/Kerry Hipparion dentine-tooth TC_Nan_dentine_2 
17901 Tunica Hills/Kerry Mammut dentine-tusk TC _masto_tusk 
17901 Tunica Hills/Kerry Mammut bone TC_masto_bone 
17901 Tunica Hills/Kerry Mammut dentine-tooth TC_masto_tooth 
17991 Tunica Hills/Kerry Nannippus dentine-tooth TC_Nan_dentine_1 
17928 Tunica Hills/Kerry Neohipparion dentine-tooth TC_Neo_dentine_1 
17906 Tunica Hills/Kerry Neohipparion dentine-tooth TC_Neo_dentine_2 
17967 Tunica Hills/Kerry Teleoceras bone TC_Rhino_bone 
14493 Vicksburg, MS Paramylodon bone Vicks_Mega_bone 
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